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The formation of coordination complexes in solution is 
well understood and so is the case with chelation. However. 
general solid state coordination chemistry has not vet 
picked up and references to reactions leading to chelate 
formation in the solid state are few. Solid-state reactions 
Involving inorganic and organic solids have been rarely 
studied. 
The strong chelating action of 8-quinolinol in solution 
has been extensively studied and used for analytical 
determination of several metals for a long time, but its 
chelate-forming reaction in solid state seems to be 
unreported. 4-Nitrophenol has also been in analytical use 
for a long time and it also acts as a fungicide. Its 
biological, biochemical, and medicinal studies have been the 
topic of interest. However, its solid state reactions 
leading to formation of coordination complexes seem to be 
unreported. 
In the present investigation following reactions have 
been studied in solid state with a view (i) to investigate 
kinetics and mechanism of the reaction, (ii) to ascertain 
the mode of diffusion during the reaction and (iii> to study 
the effect of temperature and the length of air-gap on 
reaction rate. 
(1) 8-Quinolinol and Carbonates of Cadmium and Zinc. 
(2) 8-Quinolinol and Halides of Cadmium, 
(3) 8-Qulnolinol and Acetates of Zinc. Cadmium and 
Mercury, and 
(4) 4-Nltrophenol and Carbonates of Nickel, Zinc and 
Cadmium. 
Mechanism of the reactions were studied in solid state 
by chemical analyses, thermal and conductivity measurements. 
The kinetics of these reactions were studied bv either 
gasometric method, visual technique or gravimetric method. 
The reaction products were characterized by elemental 
analyses and IR studies. X-ray diffraction pattern was seen 
in case of reaction (1). 
(1) 8-Quinolinol and Carbonates of CadniuB and Zinc. 
Metal carbonates (Zn or Cd) and 8-Quinolinol (8-HO) 
react in 1:2 molar ratio giving rise to chelate formation in 
solid state. The carbonate group of the metal carbonate is 
not free and forms a part of the Chelate. Thermal and 
conductivity measurements suggest that both are one step 
reactions. No evidence was obtained for the evolution of 
COo gas or H2O vapour during the reaction at room 
temperature. The elemental analyses as well as the IR 
spectra suggest that metal carbonates and 8-HQ react in 1:2 
molar ratio. X-ray diffraction pattern suggests that the 
products are non-crystallized. 
The kinetics of the reactions were studied at different 
temperatures by determining the amount of metal carbonate 
reacting at different intervals of time by the gasometric 
method. The amount of unreacted mfetal carbonate was 
determined by measuring the CO2 gas evolved from the 
reaction mixture by the action of dilute HC1. The particle 
size of the reactants were always maintained above 300 mesh. 
The reactions follow the Ginst1ing-Brounshtein rate equation 
2 
kt = 1 - X - (1-x)^''^ (1) 
3 
where x is the fraction of metal carbonate reacted at time 
t. The ks' show the Arrhenius dependence. The activation 
energies for CdCOg-S-HQ and ZnC03 -8-HQ are respectively 
92.3 +_ 3.3 kJmole"^ and 86.6 •. 0.6 kJmole"^. The high 
values of activation energies suggest that 8-HQ diffuses 
into metal (Zn or Cd) carbonate grains bv a defect 
mechanism. The rate of reaction decreased with increasing 
length of the air-gap. This suggests that penetration 
inside the carbonate grain is preceded by surface migration 
of 8-HQ. 
(2) 8-Quinolinol and Hal ides of Cadaiua. 
The solid-state reactions of 8-HQ and cadmium halides 
(CdX2; X = CI,Br, and I) have been studied. The reactions 
were followed by chemical analyses. IR spectral studies, 
and thermal and conductivity measurements. 
Coordination complexes of addition type were obtained 
as the reaction products. Single addition product, 
ECdX2-<8-HQ)3, was obtained for CdCl2 and CdBr2 whereas Cd12 
gave rise to two addition products. CCd 12" <8-H0)] and 
[Cdl2~(8-HQ>2]> Chemical analyses and IR spectral data 
reveal that they react in the afore mentioned ratios. 
Thermal and conductivity measurements suggest that 
interaction of CdX2 and 8-HQ is a single step process except 
for 1:2 molar mixture of Cdi2 and 8-HQ. However, these 
measurements suggest it to be a two step process. 
In lateral diffusion experiments, the product formed on 
the side of cadmium halldes suggesting that the 8-HQ is a 
diffusing species. The isothermal kinetic data fit best in 
the equation x"=kt where X is the thickness of the product 
layer at any time t, and k and n are constants. The value 
of n in in x"=kt does not vary significantly. for a 
particular set of reaction, at all temperatures showing it 
to be independent of temperature. This suggests that the 
mechanism remains the same at all temperatures. The k's show 
the Arrhenius dependence. The rate constant k is related to 
the diffusion coefficient. The gradual rise in k with a 
rise in temperature suggests that, as a whole, the process 
is diffusion controlled. The product formed in reaction tube 
was 1:1 in case of CdCl2 and CdBr2 whereas it was 1:2 in 
case of Cdl2. 
A gap developed in reaction tube between 8-HO and 
the product layer. The lateral diffusion experiments 
performed with air-gap of different lengths between the 
reactants at the start itself followed the same rate 
equation. However, the rate decreased with Increasing 
length of the air-gap which followed the equation 
k •= Ae-P** 
where k' is the rate constant at any length of the air eap 
d, and A and p are constants. This suggests that the 
diffusion is occurring via surface migration. This is also 
concluded from the analysis of the equation k '= e"*"* that 
when d=0, k'=A and when d=w, k '=0. 
The activation energies calculated are 74.55 j+ 1,22 
kJmole"^, 84.61 j^  3.88 kJraole"^ and 101.66 +. 0.93 kJmole"^ 
for tCdCl2-(8-HQ)]. tCdBr2 -(8-HQ)] and [Cdl2 -(8-HQ)2l 
reactions respectively. The high values of activation 
energies and the dependence of rate on the length of air-gap 
^ •*• » _ 
suggest - that 8-HQ 'diffuses into'CdX2 grains .by a defect 
mechanism and the penetration inside the grains is preceded 
by surface migration. 
(3> 8-Quinollnal and Acetates of Zinc, Cadniua and Mercury. 
8-HQ and metal acetates react in an equimolar ratio. 
Thermal and conductivity measurements show that all are one 
step reactions. No evidence was obtained for the release of 
CH3COOH during the reaction. The elemental analyses and IR 
studies suggest that they react in 1:1 molar ratio. 
Lateral diffusion experiment suggests that 8-HQ is a 
diffusing species. The kinetic data follows the rate 
equation x"=kt, where x is the thickness of the product 
layer formed at time t and n and k are constants. The ks' 
show thed Arrehenius dependence. 
The value of n in x" = kt does not vary significantly 
for a particular set of reaction at all temperatures showinf 
it to be independent of temperature. This suggests that the 
mechanism remains the same at all temperatures. The rate of 
reaction decreases with increase in time and. therefore, 
also with increase in the thickness of the product layer. 
The initial rapid increase in the thickness or the oroduct 
is due to the fact that the chemical reaction is faster than 
the diffusion process. 
Kinetic data followed the same rate equation, x"=kt. 
when the experiment was repeatd with air-gaps of different 
length between the reactants. The rate constant, however, 
decreased with increasing length of the air-gap and followed 
the equation 
k' = Ae~P^ 
where k' is the rate constant, d the length of the air gap 
and A and p are constants. The dependence of k' on d 
Indicates the diffusion of 8-HO. via surface migration. Thus. 
the reactions between metal acetates and 8-HQ are diffusion 
controlled via surface migration. 
The activation energies calculated are 92.00 ^ 1.22 
kJmole"^, 82.00 +_ 1.22 kJmole"^ and 71.55 *_ 7.3 kJmole"^ for 
ZnCCHgCOOg - 8-HQ, Cd(CH3C00)2 -8-HQ and Hg(CH3COO)2-8-HQ 
reactions respectively. 
The high values of activation energies suggest that 8-
HQ diffuses Into metal acetate grains by a defect mechanism. 
The dependence of the rate on the length of the air-gap and 
high values of activation energies suggest that oenetration 
inside the acetate grain Is preceded by surface migration or 
8-HQ. 
(4) 4-Nltrophenol and carbonates of Nickel, Zinc and Cadniua 
Metal carbonates (Ni, Zn or Cd) and 4-nitrooheno1 react 
in 1:1 molar ratio. Thermal as well as conductivity 
measurements suggest that all are one steo reactions. 
The sequence of the product formation in the caoillarv 
suggests that 4-nltropheno1 is a diffusing species. The 
experiments carried out with different length of air-gaps 
showed no effect on the rate of reaction. This negates the 
possibility of surface migration and demonstrates that 
4-nitropheno1 reacts with metal carbonates via vapour phase. 
Growth of the thickness of the product layer formed 
follows the equation x" = kt, where X is the thickness of 
the product layer formed at time t and k and n are 
CTonstants. The k's show the Arrhenius dependence. The 
value of n gradually decreases with increasing temperature 
and tends to attain constancy at higher temperatures. The 
variation in n and logk versus 1/T plot suggests that 
different processes are involved at low- and high-
temperature ranges. 
The reaction kinetics were also followed by gravimetric 
method. The kinetic data followed the equation /\ W = k't 
where /^ W is the change in weight at any time t and k* is 
the rate of reaction. The ks' show the Arrhenius 
dependence. Arrhenius plots were similar to one where rate 
measurements were done by visual technique. This also 
suggests that the process occurring at lower temperatures is 
different from the one that occurs at higher temperatures. 
Table I 
The enepoies of activation tor reaticns obtained bv visual techniaue. 
Reaction 
CdC03-4-\!tpa;hen(:l 
Activation Energy 
LoMer Teaoerature 
range 
Higher Teflperature 
ranoe 
NiCQj-A-Nitrcohenol 143.W + 1.41 kJaale"^ 85.48 + 1.72 kJaale"* 
ZnCOr^-Nitrxhenoi 148.73 + 1.42 kJooIs"* 89.13 i i.72 kJoiQls"' 
174.25 + 1.23 kJoole"^ ll(>.4i + 1.45 kJoals"" 
Table II 
The eneroies of activation for reations obtained bv Qravieetric Jiethofl. 
Activation Energy 
Reaction 
LoNer Teaperature 
range 
Hioher Temperature 
ranae 
NiC03-4-Nitroohenol 
ZnC03-4-filitroohenol 
CdC03-4-NitraohenQl 
146.63 t 3.01 kJaole"^ 95.25 + 1.49 kJniais"^ 
150.44 t 1.65 Wfflole'^ 109.4! t 1.45 IcJaoIe"^ 
172.51 + 1.05 kJwle'^ 124.77 + 1.35 kJjKjis'^ 
The a c t i v a t i o n e n e r g i e s (Table I and 11> for low- and 
h i g h - temperature ranges s u g g e s t that at lower t e m o e r a t u r e s , 
the p r o c e s s i s r e a c t i o n c o n t r o l l e d , whereas a t h igher 
t emperatures , i t i s d i f f u s i o n c o n t r o l l e d . This i m p l i e s that 
in the lower temperature range, d i f f u s i o n i s f a s t e r than the 
chemical r e a c t i o n between 4 -n i t ropheno1 and metal c a r b o n a t e s 
and as the temperature i s r a i s e d , a s i t u a t i o n i s reached 
where the chemical r e a c t i o n becomes f a s t e r . 
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G e n e r a l I n t r a d u c t i a n 
INTRODUCTION 
The solid-state sciences Include what is now the 
largest sub-area of physics and the material engineering 
sciences. The last thirty years have been marked bv the 
rapid expansion of this field and chemists have contributed 
to and have been benefited from the develooment in this 
Important area of science and engineering. 
New dimensions to the Importance of solid-state 
reactions have been added bv their fast growing applications 
Ci-4.] in metallurgy, ceramic technology^, electrochemistry, 
lasers, semi-conductors, polymers, manufacture of artificial 
gems, catalysts, spinels and refractory materials. Soinels 
obtained from various oxides and their solutions are used in 
television, radar and let planes. Solid-state may act as a 
useful matrix C5] to put in practice control over the rate, 
isomer distribution and stereo-chemistrv of organic 
reactions. New technologies based on nuclear energy, soace 
exploration and solid-state electronic devices have stressed 
the need for high temperature solid-state materials and for 
a systematic understanding of their chemical behaviour. 
The advances made in the superconducting materials 
during the past few years have led to an Increased awareness 
of the importance of solid-state chemistry that can be 
judged by the fact that a full issue of Chemical Review 
Cvol. 88(1), Jan/Feb (1988)1 has been devoted to solid-state 
chemistry and the related areas. 
In solid-state reactions^ the restricted movement of 
the reactant molecules provides the restricted opportunity 
to reach each other in sharp contrast to the fluid phase 
reactions where random and frequent contact between reactant 
molecules is a natural consequence of the kinetic nature of 
reactants. Reactions in the solid state are characterized bv 
(a) chemical process leading to the formation of solid state 
product or products^ and (b) the diffusion process of 
elementary particles within their interior. Reactions in 
solid state are free from the complications arising out of 
solvent and their rates in general are verv slow. Hence, 
usually solid-state reactions are diffusion controlled and 
are more apposite to kinetic and mechanistic studies and 
very apt for the discovery of new species [6-93. In solid-
state reactions, atleast one component diffuses Into the 
other for the reaction to be initiated and propagated. 
Therefore, lattice parameters p1av a verv important role in 
determining the kinetics and mechanism of such reactions 
[10,11]. In order to understand solid-state reactions, first 
of all it is necessary to explain the transport of matter in 
the reaction product. Since this transport in solids Is due 
primarily to the mobility of point defects, it is therefore 
necessary to understand the behaviour of defects. 
Furthermore^ as the solid-state processes involve movement 
of the Interphase boundary, the mathematical formulation of 
the rate processes must be expressed in terms of space and 
time coordinates. 
After some acquaintance with solid phase diffusion 
in metals had been gained, the systematic study of reactions 
between solids was taken by Faraday £123. In 1885, Soring 
tl3,14] asserted to have observed reactions between 
inorganic solids, but his explanation was not very clear. 
Robert-Austen C15] noted the diffusion of gold in lead at 
various temperatures. Cobb tl6] observed reactions in solid-
state between quartz and alumina with calcium carbonate or 
calcium sulphate. It is evident from the monograoh of 
Hedvall C17] and Jost CIS] that intensive investigations in 
this field were carried out during second to fourth decade 
of the twentieth century. Hedvall [19,20], in 1914 and in 
the subsequent years, demonstrated that reactions in solid 
state occur frequently and represent Indeed an imoortant 
branch of chemistry. In the middle of the year 1920, Hedvall 
observed that reactions could be carried out bv the motion 
of lattice ions. This was concluded from the fact that 
reaction commenced to take place at about the same 
temperature at which ionic conductivity became noticeable. 
The discovery that some solid-state transfor-matIons occur 
very rapidly at low temperatures led to scientific 
inquisitiveness on solid-state reactions. 
Puka I 1 prepared a number of compounds bv solid-
state intercjaction which could never be prepared classically 
and, thuS; established the importance of solid-solid 
reactions. His work was followed by Hedvall. An extensive 
list of such compounds, alonswlth the raw materials and 
reaction temperatures^ has been prepared by Singer and 
Singer C21]. 
In 1927, Jander C22] for the first time presented 
a mathe^matica1 analysis of solid-solid reactions. Jander's 
model was modified and further develooed by a number of 
workers. Hedvall [17], Tammann C23] and their colleagues 
made classical studies of the solid-state reactions of 
inorganic substances. Hedvall [17] proposed that solids are 
more reactive when thev are formed at the lowest possible 
temperatures as he studied the effect of the thermal history 
on the reactivity of solids. It was noticed bv Hedvall that 
polymorphic changes in reacting solids cause a considerable 
increase in the rate of reaction. This effect is known after 
his name as *Hedvall effect'. Tammann established a definite 
relation between the melting point of a solid and its 
reactivity. The surface mobility is believed to become 
appreciable when the ratio, Of, of the absolute temperature 
of an ionic solid to its melting point on the absolute scale 
becomes 0.3. The temperature corresponding to e( = 0.5 is 
known as the Tammann temperature, at which the solid is 
expected to undergo a solid-state reaction at an appreciable 
rate. The reaction temperatures have been shown by Hedvall 
Ci7] and his collaborators to be approximately the same for 
different reactions of the same solid. The study of 
mechanism of reactions frequently involves the 
identification of the diffusing species. This has been 
achieved beautifully by Wagner [24] for the formation of 
AglS. Tarnishing^ decomposition^ polymer degradation^ 
polymerization and oxidation reactions have been extensively 
studied and reviewed C25-36]. Consequently, the basic 
features of inorganic solid-state reactions were made clear 
and they have been summarized in the treatise edited by 
Garner [281. 
The general problem of the study of solid-state 
raections Is two-fold. One is the experimental determination 
of reaction rate and morphology as a function of all 
Independent variables^ and, the other is the calculation of 
the reaction rates and the prediction of the morphology 
under a given set of independent variables in terms of known 
thermodynamic and transport properties of the system under 
consideration. These require a knowledge of the atomistic 
mechanism of the fundamental steps such as nucleatlon, phase 
boundary reaction, sintering and diffusion. However^ as 
Stringer et al. C37] have pointed out, theoretical models are 
in general not adequate for interoretatlon of real cases and 
to account for the kinetic analysis, more data and 
observations are needed. Real systems are usually in a state 
of considerable imperfections. Indeed, enhanced and 
desirable activity and lattice reactivity are often obtained 
by producing a solid in the form of an imperfect crystal. 
Lattice imperfections influence all types of elementary 
steps in a solid-state reaction. They often urovide 
preferred sites for reaction and nucleation, either in bulk 
of the solid or at the surface. 
Obviously, for a quantitative treatment of the 
reaction kinetics, one has to make several assumptions. 
Among them, the most important are the assumptions of local 
thermodynamic eauilibrium in the solid phases taking part in 
the reaction and a thermodynamica1ly well-defined system in 
which the orooer number of independent thermodynamic 
variables are predetermined. This is why the solid-solid 
reactions in binary or quaslbinary systems have been 
Quantitatively studied. In principle^ the knowledge of ooint 
defect thermodynamics^ thermodynamic properties of the 
system and that of Pick's law are sufficient to treat the 
kinetic problems quantitatively. The treatment can be 
satisfactorily applied to precipitation and decomposition 
reactions in solids^ taking into account the elastic part of 
the chemical potential [38^391. Similarly, the relevant 
problem associated with solid— state electrical battery 
working with solid electrolytes can be solved by takinc into 
consideration the diffusion theory in ionic crystal together 
with point defect thermodynamics t403. 
The gradient of chemical potential Is a local 
driving force for the fluxes of the components. There are 
other solid-state reactions in heterogeneous systems which 
proceed under the action of other kinds of driving forces 
such as relative temperature gradients or phase boundary 
free energies. This kind of reaction under the action of a 
temperature gradient has been analysed in detail C4i], and 
the solid-state reactions driven by phase boundary free 
energies are the so called 'Ostwald ripening process' C42]. 
The reaction between heterogeneous phases, where 
phase boundary controls the overall rate, are very important 
and have been studied In a number of solid-gas reactions 
where a linear rate law indicates that diffusion control 
does not play the pret^dominant role C43]. Although It has 
been found in a number of solid-state reactions in ionic 
systems that the linear rate law is the Initial rate 
determining steo^ the atomistic reactiJDn mechanisms are not 
yet understood. This is due to the fact that in contrast to 
gas-solid reactions, it is extremely difficult to study the 
linear reaction rate as a .function of the component 
activities at solid-solid interfaces. But a knowledge of the 
reaction rate as a function of the independent variables is 
a pre-requisite for a correct analysis of the atomistic 
reaction steps of a phase boundary reaction. 
Thermodynamics of solids has many uniaue features 
and plays an important role in understanding the reactivity 
of solids. The equilibrium is usually not possible in 
reactions in the solid state except for cases of miscibility 
of reactants and product(s) phases. The reactions in solid 
state proceed exothermally until atleast one of the 
reactants is completely consumed. In practice, thoueh, 
comolete reaction is difficult to achieve^ it is imoerative 
that mixtures of fine powders be pulverized repeatedly to 
remove the barrier of product stratum between the reactants. 
The conditions for equilibrium have been discussed fully by 
Tammann [231. For achieving ecuilibrium either gaseous or 
liauid Dhase must be present in reaction or the heat of 
reaction must be small and the entropy difference of 
reactants and product should not be zero. In the last case^ 
equilibrium occurs at a single temoerature^ where the 
stability of the system is reversed. Below the equilibrium 
temperature^ the products are formed and above the 
eauilibrium temperature they are decomposed into the 
reactants, the reaction being always exothermic. 
Most of the solid-state reactions essentially 
involve lattice rearrangements. The entropy contribution to 
the free energy change of reaction Is very small because 
order-disorder changes contribute little to the entropy 
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change of the reaction. Therefore, the expressionAG = H-TAS 
turns to ^ G ^ ^H, i.e., /^H more or less governs the sign 
of ^G. In 1967, Duncan and Stewart [44] gave a conceptual 
explanation based on statistical mechanics to correlate the 
disorder (entropy) with the occurrence of the most probable 
lattice rearrangements. Navrotskv and Kleppa [45] made 
experimental investigations for various systems and found a 
constant value of AH for all the spinel formation reactions. 
The deviation of AH value from the constant value has been 
attributed to the structural differences and the site 
preference character^! sties of cations. Stone and Til lev 
[46] suggested that these differences also affect the 
reactivity of compounds. Kroger [47] , and Toropov and 
Barazakovskii [481, calculated thermodynamic oarameters from 
the emf measurements of a solid cell consisting of the 
reactants and a solid electrolyte in the form of pellets. 
Free energy values of reactions are now widely obtained by 
this method. 
The fact that solid substances can act as ionic 
conductors is known since the end of last century. The solid 
electrolytes^ I.e.^ solid compounds with practically pure 
ionic conductivity was first established by transference 
measurements [49-51]. Following early reports of ionic 
conductivity^ Nernst developed a high temperature cell [52] 
using mixed oxide solid ionic conductor. A material is said 
to be solid electrolyte only when it is in a phase that 
possesses a structure conducive to ionic mobility. A renewed 
interest £53-55] in solid electrolytes parallel to fuel cell 
research has developed during last twenty years. New solid 
electrolytes having conductivities comparable to aqueous 
electrolyte solution have been discovered recently. Aoart 
from the application in fuel cells and in solid batteries^ 
solid electrolytes are important in the field of photography 
and for the determination of thermodynamic data at high 
temperatures. 
To understand solid-state processes it is 
necessary to understand the properties of solids which may 
be classified as (i) structure sensitive properties and (11) 
structure-insensltive properties [561. Structure-insensitive 
properties are well defined under given external conditions 
and are independent of dimensions of the specimen^ whereas 
structure-sensitive proper'^ties are influenced by factors 
like the mode of preparation of the specimen^ the 
pretreatment, the particle size and the shape. To the 
structure-sensitive group of properties belong^ among 
others^ the chemical formula^ the lattice dimensions, the 
true density, the specific heat, the thermal expansion and 
for Ideal lattices the electrical conductivity and the 
absorption spectra. Like other properties, usually the 
chemical reactivity is structure-sensitive and is structure-
insensitive In only a few instances. Structure-insens1tlve 
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reactions^ although of little practical significance, 
provide the fundamental ingredient for a general 
comprehension of structure-sensitive reactions. 
It is verv important to note that all these 
conclusions are based only on the study of inorganic 
reactions. Nothing has been mentioned about the organic 
solid-state reactions in the monographs of Hannv [323 and 
Budnikov [57]. The solid-state chemistry by Garner [28] 
includes only one chapter devoted to organic thermal 
decomposition. Rastogi et al. [8] calculated the values of 
different thermodynamic parameters in their studies on a 
number of organic solid-solid reactions. 
Many natural processes take place within^ or on 
the surfaces of crystals. To understand these orocesses^ the 
most fruitful approach is to study reactions in or on 
crystalline' solids. Such reactions also hold considerable 
promise for the synthetic chemists since many of them are 
highly selective, giving very pure products which may not be 
available from solution processes. With the rise of 
structural crystallography and solid-state physics, the 
science of solid-state organic chemistry, and parti^cu1ar1y 
the area of lattice-control over reaction pathways, seems to 
have entered a burgeoning period [58-60]. With deeper 
understanding of packing effects and of topochemistry, 
solid-state organic chemistry could be planned and 
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exploited. The combination of organic solid-state chemistry 
and X-rav crystallography has proved to be invaluable for 
structure-reactivity correlation studies. Interest in 
conducting polymers as a new class of electronic materials 
has generated entirely new scientific concepts as well as 
the potential for new technology [61-663. Schmidt and co-
workers C67] reviewed a variety of experimental observations 
In terms of the topocheraical postulate^ which states that 
the reactions in crystals proceed with a minimum of atomic 
and molecular movements^ and are thus determined by the 
structures of the starting materials. 
The crystallization process, from solution or 
melt^ may be associated with a change in molecular 
conformation and mav be considered as a rudimentary lorm of 
chemical reaction. This is more convincing where different 
isomers are involved C68-70]. Many organic compounds are 
Dolymorohic. Thus, if these molecules are of different 
geometries^ the solid-solid phase transformation^ or 
recrystal1ization, is also a chemical reaction C71-72]. 
Conformational effects have also been studied [73-
75] with a clear participation of packing influence. 
Bernstein and Schmidt [76] concluded that^ in an 
appropriately dichloro-substituted ani1^ intermo1 ecu 1ar 
interaction would be greatest when the molecule is planar. 
Indeed, it was found that in one of the two crystalline 
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modifications of 4,4-dlchloroanl1 the molecules are planar 
[76] and that the UV-absorption spectrum of this crystalline 
material is very similar to those of stilbene and azobenzene 
t77]. However, dlchloro-substitutlon is not sufficient to 
ensure planarity, even when the molecules do arranee 
themselves in closed-packed stacks with marked overlaoDing 
1753. The distinction in conformation within the family of 
anils has not yet been utilized chemically. 
An example in which a particular configuration is 
essential for reaction, but in which other effects are 
clearly operative, has been described by Heggie and 
Sutherland C783. Compound (a) in the solid yields the 
products (b) and (c), but the reaction does not occur in 
HBf 
solution. This is interesting to note that the reaction is 
slowed down when the solid is covered with ether. It was 
suggested that the reaction in the solid involves some 
species which is soluble in ether. 
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Several interesting thermal reactions involving 
extensive molecular rearrangements have been studied by the 
school of Curtin and Paul where they have obtained 
information on the loci of the reactions by microphotozraphy 
of reacting single crystal [79^603. As an example^ we take 
the air oxidation of several steroidal li-/3-ols to 11-ones 
in the solid [81,82]. The reaction, which has synthetic 
potential, is highly sensitive to the nature of R^  imolving 
control by the crystal lattice since the oxidation in 
solution shows no such sensitivity. In some cases, the 
molecular packing rather than molecular conformation 
dominates the chemistry. This is most striking when a 
substance crystallizes in several different modifications 
all containing molecules of essentially the same 
conformation yet undergoing different reactions C67]. 
The impetus on investigation of solid-state 
polymerization was provided by the initial expectation that 
this reaction would be lattice-controlled and would 
therefore result in highly stereoregular polymer. However^ 
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this expectation proved to be unfounded with vinyl monomers 
[83]. A number of literature references [84-86] on 
photopolymerization in the crystalline state^ during last 
decade, show a tremendous progress that has been aade in 
this area. The reactions C87-90] of organic solids with 
gases have been a subject of renewed interest. The reactions 
of gases such as Oo, NO and SO2 with {-irradiated solid 
aliphatic carboxvlic acids and amides have been under 
investigation and may have important implications for such 
biological problems as diffusion in membranes [91]. 
Reactions of organic solids with liquids have also been 
studied [92-95] but are relatively few. 
Organic solid-solid reaction has unique features. 
Se 1 f-dlffus ion in organic crystals is generally verv glow 
[96] since organic molecules tend to be bulkv and 
irregularly shaped. In such cases, the reaction occurs by 
diffusion either at the surface or through the vapour. The 
rate of reaction, therefore, might then be Influenced by the 
crystal structures of one or both. The reaction of solid 
picric acid with a number of solid hydrocarbons and 
naphthols, which apparently proceeds in part via the vapour 
phase and in part by surface diffusion, leading to the 
formation of charge transfer complexes^ has been studied by 
Rastogl and co-workers [97]. Ghera and Shoua [98] used the 
reaction between solid zinc acetate and solid N-acyl-yS-
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hydroxy-amines to produce ^Z-oxazoIines. The reaction 
appears to proceed via a complex in which the zinc is 
coordinated to the amide carbonyl^ and configuration is 
retained. . ^ 5" 
Rr^ 
NHCOR5 
/ 7h CoAc\ 
^R.> Solid ^. 
Solid-state decomposition includes the subject of 
explosives and has been reviewed by Dunstan [99]. Interest 
in explosives has led to intensive studies of the kinetics 
of decomposition of solid azides and of a wide variety of 
other salts and oxides^ some of them containing organic 
functions tlOO]. McBride has studied decomposition reactions 
of various azo-compounds C101^102J and peroxide C103] and 
has obtained considerable information on the atomic movement 
during the process. 
The phenomenon of topotaxy is of growing interest 
to the organic solid-state chemists. Gousoutas ClOal has 
reviewed some fascinating studles*that have been done in 
this field. The quest for organic reactions of high 
specificity and stereoselectivity has led chemists to 
explore a variety of reaction conditions^ some of which have 
the clear aim of imitating the reactions of the nature 
tl05]. 
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As the chemical combination in solids is possible 
only at the phase boundary between adjacent phases^ the 
solid-state reactions are independent of the number of 
reactants and are considered as reactions between two 
components onlv. The formation of the ternary compounds 
2CaO.Al2O3.SiO2 and CaO.AI2O3.2Si02 from quartz^ alumina and 
calcium oxide is a clearcut illustration of such 
consideration. It was found C106] that two of the three 
components combine in the first step and then the third 
component reacts with this combination in the second step. 
That is why the classification of solid-state reactions is 
done on the basis of the reaction between two components. 
The simplest and most common is the additive tvoe 
reactionj where the reactants may be elements or comDounds. 
If the product is not miscible with the reactants^ it 
apoears as a separate new phase between the reactants. If it 
is partially or totally miscible with either of the 
reactants, it is generated as one or two new phases with the 
original phases. It the reactants form products of difterent 
compositions then several phases may be present between the 
reactants. 
Tarnishing of metals, in which a salt loxide, 
halide, sulphide etc.) is formed by reaction with a non-
metal, is an example of reaction between elements. A 
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coherent diffusion layer mav be formed in all instances in 
which the equivalent volume of salt is greater than that of 
the metal [107]. Tarnishing reactions that are structure-
insensitive are outstanding i 1 lusf^trat ions of the 
fundamental mechanism of reactions of solids. 
Reactions between elements and compounds [108] 
constitute a comparatively small group of combinations like 
the fo1 lowing. 
Mn + Mn30^ 
Fe • 2FeP0, 
> 4MnO 
> Fe3(F0^)2 
Addition reactions between compounds mostly 
consist of binary compounds, with some exceptions, tor 
example, the formation of magnesium ortho-silicate from the 
meta-si1icate and magnesium oxide [109,110]. The technically 
important spinel forming reactions belong to this class and 
may be considered to be made up of the following two steps : 
•> A CB230^ normal spinel 
> B CAB]0^ inverse spinel 
AO + B2O3 
AO + B2O3 
where A = Mg, Ca, Ni, Cu, Co, Zn, Pb, Cd, Ba, Sr 
B = Fe, Al, Si^ Sn, Mn, Ti, Cr, Mo, W, B, V, Ge, Ga, 
PbSi, Pb2SiO, Tl2CrO. 
No general rules have been found for additive 
reactions except that the reaction temperatures often 
approximately coincide with the temperature at which self-
diffusion becomes appreciable within one of the reactants 
[23]. Tamraann and Mansuri [111] for the first time orooosed 
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the relation of the temperature of measurable seIf-dlffus ion 
to the absolute melting temperature. The ratio between two 
temperatures is nearly 0.3 for metals, 0.5 for inorganic 
substances and 0.9 for organic compounds. 
The second mode of reaction between two solids is 
by exchange of constituents. Following are the typical 
examples of such reactions studied [7,23,112,113]. 
Mg + ZnS > MgS • Zn 
CaO + PbCl2 > CaCl2 * PbO 
Hg2Cl2 + I2 > HgCl2 • Hgl2 
PbS + CdSO^ > PbSO^ + CdS 
An extensive investigation of the exchange 
reactions between alkali halides tll4] exhibited that in 
instances in which the lack of miscibility precluded 
establishment of equilibrium^ large cations combined with 
large anions and small cations with small anions for 
instance, sodium bromide and potassium chloride react to 
form sodium chloride and potassium bromide whereas no 
reverse reaction takes place. This indicates that reactions 
in systems without miscibility have to proceed exotherma11y. 
Exchange reactions of the type ABX + CB > CBX 
+ AB comprise a large group of reactions which have been 
explored by Hedvall C115-118]. Some reactions^ which at 
first glance appear to proceed as additive reactions^ are 
19 
actually the exchange reactions, for example, the formation 
of cobaltite from COgO^ and ZnO [1191 or of ferrites from 
FegO^ and MgO, CoO, NiO, MnO [1203 takes place as below. 
ZnO + C0OCO2O3 > ZnOCo203 + CoO, etc. 
Solid-state decomposition reactions giving gaseous 
products have been widely studied [121-123]. Solid-state 
transformations leading to all solid products are rare. High 
pressure decomDO-f~*. si t ion of titanate spinels, M2TiO^ to 
MTiOo with ilmenite structure has been reported at various 
temperatures [124]. 
M2TiO^ > MTiOg + MO 
where M = Mg*^, Fe*^ and Co*^ 
It has been suggested that decomposition of 
silicate spinels mav occur in a similar manner in the lower 
mantle of the earth. Such reactions are, therefore, of 
considerable geo-chemical interest. 
ROLE OF DEFECTS IN SOLID-STATE REACTIONS: 
The reactivity of solids is due to the presence of 
defect in structure. Thus the qualitative description of 
defects in crystalline solids is necessary for understanding 
the reactivity of solids. The simplest case of defects^ 
i.e.^ the mistakes at isolated or fairly isolated atomic 
sites^ are termed point defects as they generally involve 
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the absence of single atoms at discrete points within the 
normal lattice of solids. A suitable classification for 
qualitative description of crystalline defects can be 
achieved by first considering the so called point defects 
and then proceeding to higher dimensional defects. The point 
defects are essentially responsible in controlling the rate 
at which solids react. An understanding of point defect 
behaviour is, therefore, fundamental to the understanding of 
a wide variety of solid-state reactions. These defects also 
play their role in controlling the physical properties of 
many materials, particularly the electronic properties of 
semiconductors and the colours of insulators. Point defects 
are of atomic nature whose effect is limited only to their 
immediate surroundings. Examples are vacancies in the 
regular lattice or interstitial atoms. Dislocations are 
classified as linear or one-dimensional defects. Grain 
boundaries, phase boundaries, stacking faults and surfaces 
are two-dimensional defects. Finally, pore and macroscooic 
Inclusions are three dimensional crystal defects. The role 
of lattice defects in solid-state reactions is iraoortant 
because diffusion processes in solids are controlled by the 
concentration and mobility of such detects. The simole 
lattice defects, vacancies and interstitial atoms, take part 
in a variety of processes leading to phase changes, 
precipitation, order-disorder transformation and chemical 
reaction in solids. 
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It is also possible for one or more lattice 
defects to associate with one another, that is, to cluster 
together. This type of defect is termed as an associated 
defect. An associated defect would represent a Schottkv 
defect if the two vacancies of both a cation and an anion 
were associated as vacancy pair. In addition to these 
imperfections, there may be the charged defect also in which 
some fractions of electrons will be free to move through the 
crystal. Although the electrons are the only charged 
particles that exist in the structure,, it often simplifies 
the matters to think about the sites where electrons are 
missing. This type of 'electron vacancies' is called an 
electron hole or simply a hole. However^ very few efforts 
have been made to correlate such effects to specific 
problems of phase transition and chemical reactions in 
solid-state [125]. Besides the electrons and holes, the 
atomic defects can also carry a charge. In ionic crystal, 
this may be considered to be the normal state of affairs. In 
real crystals the atoms are vibrating, and that they will 
move towards or away from a vacancy if one is created^ 
depending upon the bonding in the crystal under 
consideration. This process is called relaxation. If the 
reactions between point defects in order to maintain the 
internal equilibria are homogeneous, it can be shown that 
their relaxation times are small compared to the time of the 
solid-state reaction [126]. The relaxation time, in all the 
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other cases where the relaxation of internal equilibria 
depends on the density of the sources and sinks of point 
defects, may be calculated with the help of suitable models 
[127,128] or measured independently [126,1293. 
Diffusion occurs through lattice defects because 
the direct interchange of atoms is not favoured for energy 
reasons, particularly, in case of close-packed structures. 
Successive Interchange of lattice atoms with an Interstitial 
atom may also cause diffusion. But, the interstitial can not 
be produced in a significant quantity by thermal means as 
the energy of formation of the same is quite high. 
Generally, the diffusion occurs by vacancy mechanism because 
the energy of formation and of migration of a lattice 
vacancy is not high. The vacancy mechanism is far more 
prevalent than others. An excess concentration of vacancy in 
metal can be produced in several wavs^ such as quenching^ 
plastic deformation and irradiation [130]. At a temperature 
where vacancies are mobile, the excess vacancies must tend 
to anneal out of the sample. During their migration the 
excess vacancies cause atomic interchange and therefore may 
influence many diffusion controlled solid-state processes 
[131,132]. 
Dislocations are linear or one-dimensional defects 
and are mainly responsible for the plastic behaviour of 
solids. The idea of dislocation was developed by Taylor 
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C133] and Orowan [134]. Two characteristics of dislocations 
are specifically important in solid-state reactions, namely, 
(a) they can serve as a site of repeatable growth within a 
crystal and, (b) they can act as fast diffusion paths. 
Dislocations also act as preferential nucleation sites for 
the formation of new phases. 
Interfaces are two-dimensional defects and play an 
important role in solid-state reactions. During 
heterogeneous reaction, mass transport occurs across 
interfaces. As sites of repeatable growth. Interfaces can 
permit equilibrium between point defects to be attained. In 
sintering process they serve as vacancy sinks and as paths 
of rapid transport. The interfaces which occur most 
frequently in crystals are outer surfaces, phase boundaries 
and grain boundaries. 
The concept of non-stoichiometric compound is 
important and is defined as one which can take any 
composition between the approximate limits. A typical 
example is given by vanadium monoxide, which can take any 
composition between the approximate limits of VOQ Q to 
VOj 27) "^"^  does not exist at the precise composition VQ^ ^ Q. 
This example reveals two characteristics of such compounds^ 
firstly, they invariably have irrational formulae, and 
secondly, they are found to possess appreciable composition 
range. Defects in solids are able to alter its composi t ion_, 
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and a phase with homogeneity range can be defined in the 
broadest sense as a solid solution where one or more kind of 
atoms are gained or lost C135]. The extent to which a binary 
compound can exist as a unique phase can be measured by a 
variety of physical and chemical techniques and many classes 
of inorganic compounds are reported to have wide composition 
limits reflecting high concentration of random defects. To 
quote an example, the high temperature form of Nb20g has a 
complex X-ray powder diagram and preparation in the region 
Nb02 c-Nb02 C136] could, therefore^ be described as a non-
stoichiometrIc compound with a wide homogeneity range. This 
could have been caused either by the presence of additional 
niobium atoms interstitially, which could Increase the 
density or by vacancies, following the removal of oxygen 
atoms, which would decrease it. 
Recent studies on the conductivities of rare gas 
solids and many halides (lithium halides, strontium 
fluoride) have shown that bulk properties of these compounds 
are associated with point defects C137]. Studies C138] on 
transition metal oxides suggest that point defects are 
responsible for diffusion. Danllenko et al. Ci39] have 
described the method for calculating the interaction 
characteristics of impurity atoms with metal grain 
boundar ies. 
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In high temperature chemical processes, the role 
of point imperfections tend to predominate over one played 
by the line imperfections and the process of diffusion is 
favoured by the migration via point defects. This forms the 
basis of Wagner's theory [1403 of high temperature 
oxidation. The theory proved to be very successful in 
describing the high temperature oxidation of a number ot 
metals [105]. 
DIFFUSION IN SOLIDS: 
Diffusion in solids is largely due to the mobility 
of point defects. One of the most significant aspects of 
point defects in solids is the way in which they facilitate 
the movement of atoms or ions through the structure. The 
process or thermal activation causes vacancies to migrate by 
exchanging places with neighbouring atoms or ions. 
Similarly, interst.i tia 1 atoms also migrate from one 
interstitial site to another by thermal activation. The 
defect mobilities put atoms of a solid in a state or 
continual migration from site to site throughout the 
crysta1. 
Diffusion in solids due to atomic movement through 
the crystalline lattice has been termed as volume, lattice 
or bulk diffusion and has been a subject of thorough study. 
Atoms or ions can diffuse not only through point defects but 
26 
along surfaces, grain boundaries, dislocations or other 
macroscopic defects in the crystals as well. As the regular 
crystal geometry is disrupted in these regions, atom 
movement in these cases is often much faster than in volume 
diffusion. 
According to Frenkel and many others, the 
diffusion mechanism can be classified depending on the tvoe 
of elementary jumps as follows C141^1A2]: 
1. Rotation mechanism [1433 such as exchange 
mechanism or ring mechanism. This occurs in an 
idealized crystal structure^ 
2. Defect mechanism [144-1461 such as interstitial 
mechanism^ interstitia1cy mechanism, crowdion 
mechanism, vacancy mechanism etc., 
3. Grain boundary and dislocation mechanism tl47-
149], and 
4. Vapour phase diffusion. 
The mode of the mechanism of diffusion that will 
be operational in a particular case can be decided on the 
basis of the following considerations. 
1. The mechanism of diffusion which reauires the 
lowest activation energy is preferred. On the 
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basis of the comparision of the activation energy 
with the heat of sublimation^ it can be 
predicted as to which one is likely to occur. For 
activation energy higher than the heat of 
sublimation, diffusion occurs by defect 
mechanism. On the other hand, when the activation 
energy is equal to the heat of sublimation, 
diffusion via vapour phase is likely. This can be 
explained as follows. Take the reactions 
A (S) + B (S) > AB (S) 
If the surface area of grains of reactant B is Ao, 
the number of molecules of A striking these 
grains from the vapour(dn/dt) would be given by 
dn 
d t 
= Ao 
P 
VZMRT 
where P refers to pressure; R, the gas constant; T, the 
temperature; and M, the molecular weight. Now it vaoour 
behaves ideally, it follows that -
dn Po e- ^ ^"^«T 
Ao .—_^^,^ 
dt V2MRT 
where Po is a constant and AsH is the heat of 
sublimation. For a small temperature range, VT would not 
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vary much, and the vapour phase diffusion would approximate 
the heat of sublimation. 
A very low value of activation energy for 
diffusion would indicate either surface migration or 
grain boundary diffusion. 
2. If the initial rate of reaction is directly 
proportional to the dissociation pressure of the 
species, the reaction would occur via the vapour 
Dhase. This follows from the ecuation -
dn P 
. — = Ao — - ^ ^ -
dt V 2MRT 
To know whether the reaction is occurring via 
vapour phase diffusion or by surface migration, 
the reactants are once placed adjacent to each 
other and then separated from each other by an 
air-gap. If the reaction rate is same in two 
cases, it means that the reaction is occurring via 
vapour-phase. If there is no reaction in the 
second case^ it signifies that there is no vapour 
phase diffusion. If the rate decreases with 
Increasing length of the air-gap, then this 
suggests that diffusion is taking place by surface 
mi gration. 
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4. Inert markers can also be employed [150] in 
ascertain'^lng whether diffusion occurs by defect 
mechanism or not in reactions where penetration 
inside the grain is not possible and are just 
Interface reactions. If the displacement of inert 
marker is proportional to the square root of 
diffusion time^ then the diffusion occurs by the 
defect mechanism. 
In a solid-state reaction, two solids react to 
form a product layer which separates them. Thus, a solid-
state reaction progresses through three steos in series, 
namely, se1f-diffusion of reactant species, its diffusion 
through the product layer and its diffusion and reaction in 
the other reactant. This is important to note that counter-
diffusion may also be involved in the process C151,152]. 
The speed at which atoms or ions move through a 
solid is conveniently expressed in terms of diffusion 
coefficient. The diffusion coefficient of an atom varies 
comparatively with the change in external circumstances. The 
geometry of the crystal structure and temperature affect the 
movement of the atom through it. Nonetheless, diffusion 
coefficients also depend upon whether a chemical reaction 
accompanies the atom movement, the number of defects 
present, and so on. 
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Certain metals [153] like fi-sirconium. yS-hafniura. 
jhuranium and yS-prutonium show a deviation from a normal 
se1f-diffusion. There has been no satisfactory explanation 
for this anafflolous behaviour. It seems that owing to 
difficulty in getting these metals pure, the diffusion is 
enhanced due to the excess intrinsic vacancy concentration 
associated with impurities such as oxygen^ or it may be due 
to a different mechanism in operation either alone or 
together with a vacancy mechanism. The Involvement of 
dislocation mechanism is another possibility^ because of an 
unusually high dislocation content that may arise on account 
of the phase change, necessary in all cases to reach the 
diffusion temperature, and which may be retained during the 
diffusion because of the high impurity content. Another 
Important factor is the diffusion of very dilute solutes or 
impurities in metals [153^15*]. The main features of this 
impurity diffusion are the total obedience to the Arrhenius 
equation with values of activation energy, E, and frequency 
factor, A, that do not differ significantly from the values 
for solvent diffusion rates justify the assumption of a 
vacancy mechanism for both. But measurements on impurity 
diffusion in Aluminium show some deviation from normal 
behaviour, but this does not warrant to propose another 
mechanism [1551. Nevertheless, more profound deviations from 
normal behaviour are noted [154-156] for the diffusion of 
noble metals and some other transition metals such as Cd^ 
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Co, etc., in solvent as alkali metals and of Ag in PbS 
C157]. Such behaviour warrants another mechanism and it is 
believed that this fast impurity diffusivity Is due to the 
solute being dissolved inter-^stitia11y and its diffusion is 
by interstitial or interstitialcy mechanism [158,1591. 
The effect of the activity of one of the 
components on self-diffusion has been studied in several 
binary compounds especially oxides C1601. For example^ the 
observation of a cation diffusion coefficient proportional 
to ,^in an oxide ^^i.^O provides some evidence of a cationic 
vacancy mechanism. The effect of cation non-stolchiometrv 
and acceptor (Na , K ) and donor imouritles on selt-
diffusion 11613 of Ca and W in CaUO^ was studied and results 
were found to be related to the vacancy mechanism of 
diffusion. Similarly cation se 1 f-di f f us ion and imounty 
diffusion in ferric oxide were studied [162] and diffusion 
coefficient of Fe was measured as a function of temoerature. 
Various diffusion studies indicate that cation self-
diffusion occurs by interstitial mechanism and ImDurities 
also diffuse by an interstitial mechanism. In some work this 
fact has been utilised and evidence for interstitial uranium 
diffusion in UO2 [163], cation vacancy diffusion in MnO 
[164] and NiO C165] and anion interstitial diffusion in CaF2 
and BaF2 [166] and in UO2 [167] have been explained on the 
basis of detect theory. Comprehensive evidence of mechanism 
has not been found for diffusion of both soecies in a binary 
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compound. Even in important oxides with rock-salt structure^ 
the diffusion mechanism of oxvgen is not clearly understood. 
It has been proposed that interstitial diffusion of the 
anion occurs in these materials 1168], but studies on pure 
and dooed CoO provide good support for anion-vacancy 
diffusion IL691. Jt is also a possibiC'itv that diffusion 
mechanisms change with temperature and detect 
concentrations. 
The separation of impurities from solids can be 
done by thermal diffusion. The kinetics of impurity 
separation was done by thermal diffusion [170J taking the 
life time of the atom on the surface with respect to 
desorption and the effect of electron wind on the diffusion 
of the impurity atoms. Fundamental studies of more 
concentrated solutions have mostly been associated with the 
phenomenon of chemical diffusion Kirkendal effects, 
Darken equations, vacancy wind effects etc.. 
If a reaction is considered in which the 
composition of a solid phase changes with time due to the 
inter-diffusion of two components A and B, then the inter-
diffusion coefficient may best be defined in terms of the 
difference of velocity, AV, of the two components or 
equivalent 1y in terms of the difference in fluxes of A and 
Bj thus tl71] — 
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where C^ ^ and Cg are mole fractlonsj and J^ and Jg^ the 
fluxes of A and B; and V, the molar volume. The flux is 
related to the velocity by '))c = JV and depends on the 
coordinate system so that the diffusion coefficients^ D. and 
Dp, may be defined as -
DA = V. J^ / A C ^ 
so that D = CgDy^ + C^Dg. 
Dg = V. Jg /-^Cg 
If both chemical and tracer diffusions occur bv 
the same mechanism, then it may be shown [1721 that .. 
^A " ^A "^  <^ '" * ^ ^^Inc). 
where Dy^  is the tracer diffusion coefficient and 'a' the 
thermodynamic activity. 
The activity in these equations refer to the 
activity in the crystal undergoing diffusion and may include 
the effects of stress and electrostatic potential C172J. 
The general problem of inter-dlffusion in 
mu1ticomponent systems is much more complicated. One can 
sometimes usefully define an effective binary diffusion 
coefficient relating to the flux of a species to its 
concentration gradient tl73]. A general discussion of this 
problem has been done by Kirkaldy C174]. 
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REACTION MECHANISM AND KINETIC MODELS: 
Although the solid-state reactions got recognition 
as early as in the 1800's and In the beglnlng of 1900's, as 
evidenced by Faraday [12], Spring [133 and Cobb C175], no 
significant contri^but ion was made towards understanding 
the mechanism until after 1910. Some of the earliest 
quantitative works on the kinetics of solid-phase reactions 
were done bv Hedvall tl76], Tammann C177], Wagner [1783^ 
Huttig C43] and Jander C179J, and others suppl e-c iB^ Tited and 
developed the Tammann-HedvalI theory. 
The kinetic equation representing the reaction 
A(S) • B(S) > C(S), in a mixture of fine powders, la 
based on the following assumptions: 
1. The reaction starts only at the contact points of 
components A and B; 
2. The rate of reaction Is proportional to the number 
of contact points; 
3. The number of contact points may depend on the 
reaction time; 
4. The component A is able to diffuse through the 
layer of the reaction product; and 
5. The reaction mixture consists of particles of 
slmilar size. 
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The main features of different models on the basis 
of rate controlling mechanism in solid-state reactions can 
be out-lined as follows: 
(a) Product-layer diffusion control. 
(b) Nuclei growth control. 
(c) Phase boundary reaction control. 
Product-layer Diffusion Control Model: 
Tn reactions involving solids^, the reactants are 
not mixed on an atomic or molecular level and must^ 
therefore, diffuse and penetrate into each other if the 
reaction is to start and propagate within the solid phase^ 
and thus, space coordinates become a controlling factor. 
Wagner and Schottky [1803 proposed a thermodynamic 
theory of solids which takes into account imperfections and 
impurities. They suggested two fundamental processes that 
are involved in a solid-state reaction. 
Phase boundary process such as chemical 
reaction itself, i.e., breaking and reforming of bonds^ 
formation of nuclei and growth of the reaction product. 
Transport of matter to the reaction zone_, 
i.e., the diffusion through the layer of the reaction 
product. 
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Solid-state reactions, therefore, may be treated 
as a chemical and geometrical reshuffling of the solid 
phases. In general both the transport and phase boundary 
processes involve a series of individual steps. In such a 
sequence^ each individual step will have a specific rate 
constant associated with it. "A virtual maximum rate" may 
then be defined as the rate that would be found it 
equilibrium were established for all previous steps. Under 
these conditions, the reaction with the lowest "virtual 
maximum rate" controls the overall rate of the reaction. 
Thus for a solid-state reaction, the rate is controlled 
either by the combination at the Interface or by the 
transport of the reactants to the reaction zone. 
Uagner and Schottky [180] developed a well known 
parabolic rate law assuming a unidirectional diffusion 
across the product layer. As the reaction proceeds, the 
reactants have to diffuse across the product layer for the 
reaction to sustain itself. The rate or growth of the 
DToduct layer is siven as: 
dy K 
dt y 
where y is the thickness of the product layer, t is the 
reaction time, D is the diffusion coefficient of the 
migrating species and K is the proportionality constant. 
Assuming the diffusion coefficient to be independent of 
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time, and the area of contact as constant, we get, 
y^ =• 2KDt + C 
with the boundary condition, y = O at t = 0, the 
equation becomes A--
y^ = 2KDt = K t 
This equation is the well known parabolic rate law where K 
is the parabolic rate constant. 
Ceramic processes are mostly accomplished by an 
intimate mixing of fine powders. Using oversimplifying 
assumptions, Jander C22J arrived at an expression for the 
reaction rate of powders, which has been widely used^ 
although its physical basis is unreal. He based his model on 
the following assumptions: 
1. The reaction under consideration can be classified 
as an additive reaction. 
2. Nucleation followed by surface diffusion, occurs 
at a temperature below that needed for bulk 
diffusion so that a coherent product layer is 
present when bulk diffusion does occur. 
3. The chemical reaction at the phase boundary is 
considerably faster than the transport process and 
thus, the solid-state reaction is bulk 
diffusion controlled. 
4. Bulk diffusion is unidirectional. 
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5. The product phase is not miscible with anv of the 
reactant phase. 
6. The reacting particles are all spheres of uniform 
radii. 
7. The ratio of the volume of the product layer 
to the voJume of joateriai reacted is unltv. 
8. The increase in thickness of product layer follows 
the parabolic rate law. 
9. The diffusion coefficient of the species being 
transported is not a function of time. 
10. The activity of the reactants remain constant on 
both sides of the reaction interface. 
Jander also made the rather drastic assumption of 
a constant cross-sectional area and an unchanging volume or 
density during the progress of a reactionj and develooed a 
well known expression that goes after his name. 
k^t [ 1 - (1 - x)l/3]2 
The equation relates the fraction of reaction, x, completed 
in time t, with the rate constant kj. The Jander's equation 
has been applied to many systems [161-1651. 
Kroger and Ziegler tl86,167] indicated that 
Jander's assumption of a constant diffusion coefficient was 
not applicable to all solid systems, particularly during the 
early stage of a reaction. They used most of the Jander's 
assumption^ except that of constant diffusion coefficient^ 
39 
and instead assumed that the diffusion coefficient and 
instead assumed that the diffusion coefficient of the 
transported species was inversely propotional to time. This 
is equivalant to assuming that the rate of change of product 
layer thickness is inversely propotional to time which is 
the basis of Tammann's [23] theory. From this thev drived 
the following equation known as Kroger-Zieg1ar equation -
k^_2 Int ti - (1 - x)^^"^]^ 
Zhuravlev, Lesokhin and Tempel'man [1863 modified 
the Jander's equation assuming the activity of the reaction 
substance to be proportional to the fraction of unreacted 
material (1-x). Their relationship between fraction of 
reaction comoleted and time is : 
•^ Z-L-T ^ [ ( 
1-x 
,1/3 . 132 
Ginstling and Brounshtein C189] arrived at a model 
using Jander's assumptions with the exception of parabolic 
rate law. They indicated that parabolic rate asserted that 
the reaction surface remained constantj however, when they 
considered spherical particles^ this surface area actually 
decreased as the reaction proceeded. They discarded the 
parabolic rate law in favour of an equation relating the 
growth of the product layer to Barrer's growth of the 
product layer equation C190J for steady state heat transfer 
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through a spherical shell. They arrived at the following' 
final form, 
kg.g t = [ 1 - — X - ( 1 - X )^^^] 
3 
Carter [191,1923 further improved the Ginstiing-
Brounshtein model bv accounting for the differences in the 
volume of the product layer with respect to that of the 
volume of the reactants. He also introduced a new term, Z, 
to account for the change in volume, and obtained the 
equation, 
kc-V ^ 
Z-(Z-l)(1-x)^^^ - tl + (Z-lJ xl^^^ 
(Z-1) 
Valensi [193] developed the same solid-state 
reaction model mathematically from a different starting 
point. Hence, this equation is referred to as Carter-VaI ensi 
equation. Geiss [194] has shown that Carter-Valensi equation 
becomes significant only when the ratio of volume of product 
formed to volume of reactants consumed exceeds a value of 
two. 
Dunwald and Wagner [195] derived an equation for 
solid-state reaction analysis using a solution to Pick's 
second law of diffusion into or out of sphere. Serin and 
Ellickson [196] expressed the Dunwald-Wagner equation in 
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terms of fractional comDletion of the orocess. 
V w * = — i " =• 1" f ^ 
All models, discussed above, have their 
limitations in a way that they are all based on the reaction 
of soherical particles of uniform radius^ still, thev have 
been shown to represent many solid-state reactions in a 
satisfactory way C197]. There have been attempts to 
Introduce particle size gradation into a workable model. 
But, these have resulted In models that Involve complicated 
mathematics and contain parameters that are difficult to 
measure. 
Several empirical and semiemoirica1 rate laws such 
as the following have been proDosed to describe the course 
of different diffusion controlled solid-state reactions. 
I) Y^ = kt 
II) Y^ = kt 
ill) Y^ + Yb = kt 
Iv) Y = kt 
V) Y = k log t 
vl) Y^ = 2kt exp^~^>'^ 
Generalized equations y = kt" and y"^  = kt have 
also been used by Rastogi [198] and Beg [1993 respectively. 
In these eauations, y is the thickness of the product layer, 
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t is the time and k,b,n and P are constants. 
Nuclei Growth Control Model : 
The models of the solid-state reactions tor 
powdered compacts that have been discussed so far are based 
on the assumption that Initially surface diffusion rapidly 
coats the surface of the reacting particles with a 
continuous product layer. The subsequent rate of reaction is 
taken to be the rate of diffusional growth of the product 
layer. However, there is another way of looking at the 
Initial product formation and subsequent growth. This 
approach considers the nucleation of products at active 
sites and the rate at which the nucleated particles grow. 
Welch C2001 suggests that such a mechanism is possible when 
the product phase is partially miscible in one or the 
reactants. 
Many mathematical models C201-208] have been 
advanced relating nucleation and nuclei growth rates to the 
kinetics of phase transformation and decomposition. The 
general form of the expression for conversion time 
relationship is represented as: 
In (1 - X) = -(kt)" 
where m accounts for the reaction mechanism — number of 
nuclei present, composition of parent and product phases^ 
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and geometry of the nuclei. If a reaction is represented by 
this model, a plot of In £ln l/(l-x)] versus In t gives a 
straight line with slope m and Intercept m In k. 
Applications of nuclei growth model to solid-state 
reactions are few. Huibert and Klawitter [209] applied it to 
the reaction between ZnO and BaCOg. 
Phase Boundary Reaction Control Model: 
When the diffusion of the reactant species through 
the product layer is fast compared to the reaction, the 
solid-state reaction is said to be phase boundary 
controlled. According to Laidler C210], when a discontinuous 
product phase occurs, the rate determining step may be the 
chemical process occurring at the phase boundary. 
Different models have been developed for different 
geometries and corresponding boundary conditions. For a 
sphere reacting from the surface inwards, the fractional 
reaction completed, x, and time, t, are related by — 
kt = C 1 - CI - xJ ^"^^ 1 
which is identical to the expression derived for gas-solid 
reaction by Levenspiei [211J. For a circular disk reacting 
from the edge inwards, or for a cylinder, the reaction is — 
kt = [ 1 - (1 - x)^^^]. 
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Reactions Between B—Quinolinol 
and Carbonates of cadmium and 
Zinc 
Chelating agents have long been in analytical 
use, but it is only in the last few decades that chelation 
has been recognized as a prominent chemical principle. The 
formation of coordination complexes in solution is well 
understood, so is the case with chelation. However, general 
solid-state coordination chemistry has not yet picked up, 
and references to reactions leading to chelate formation in 
the solid-state are few. Solid-state reactions involving 
inorganic compounds like the formation of ferrites Li,21, 
mercurates C3], silicates C41 and titanates C5,6} have been 
extensively studied. Like-wise, solid-state reactions 
involving organic solids have been studied at great length 
C7D. However, the solid-state reactions involving inorganic 
and organic solids have been rarely studied. 
Medicinal and agricultural uses of 8-quinolinol or 
8-hydroxyquinoline (8-HQ) have been investigated in quite 
detail 181. 8-Qulnolinol (8-HQ), also referred to as oxine 
and its derivatives act as bactericides and fungicides. Its 
fungicidal and bactericidal action has been attributed in 
part to its ability to chelate with, and thus inactivate 
essential trace metals C9]. 
The strong chelating action of 8-quinolinol (8-HQ) 
in solution has been extensively studied and used for 
analytical determination of several metals for a long time, 
but Its chelate-forming reaction in solid-state seems to be 
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unreported. The object of the present study is to 
investigate the kinetics and mechanism of solid-state 
reaction between 8-HQ and some of the transition metal 
carbonates. The mechanism of the reaction has been 
explained by thermal and conductivity measurements, and the 
reaction products have been characterized by elemental 
analysis. X-ray diffraction and IR studies. Kinetics of the 
reactions have been studied by gasometric method. 
MATERIALS: 
BDH reagent grade cadmium carbonate and zinc 
carbonate and 8-HQ (Aldrich Chemical Company, Inc.), melting 
point 74.9°C, were used without further purification. The 
reactants were powdered and sieved to above 300 mesh size. 
KINETIC MEASUREMENTS: 
The kinetics of the reactions were studied at 
different temperatures by determining the amount of metal 
carbonates reacting at different intervals of time by the 
gasometric method. The amount of unreacted metal carbonate 
was determined by measuring the CO2 gas evolved from the 
reaction mixture by the action of dilute hydrochloric acid. 
The gas evolved was collected by the downward displacement 
of sulphuric acid. It has been ascertained that the product 
is unaffected by the action of HC1. For this purpose, two 
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flat bottomed flasks fitted with female Joints (B-19) in 
their necks were connected together in the middle. A 
thermometer was sealed in a B-19 male joint to use as a 
stopper for one of the flasks and to measure the inside 
temperature of the assembly. Another B-19 male joint tapered 
on the other side was connected to a graduated cylinder 
tapered on the upper part through a rubber tubing. The 
graduated cylinder was open in the lower part and was kept 
vertically in another cylinder of larger diameter fitted 
with a stop-flow stopper downward. The outer cylinder was 
filled with the sufficient quantity of sulphuric acid (H2S0^ 
does not dissolve CO2>• The reaction mixture was kept in 
one of the flask and a sufficient amount of dilute HC1 was 
taken in the other flask. The stopper and the Joint 
connecting the graduated cylinder with the flask through a 
rubber tubing were then fitted tightly in the necks of the 
flask, and the whole assembly was checked for being 
airtight. The temperature inside the flask assembly was 
noted. The sulphuric acid inside the graduated and the 
outer cylinder was levelled to the same mark. The flask 
assembly was then tilted to one side to allow dilute HCl to 
enter the flask containing reaction mixture and to react 
with the unreacted metal carbonate in the mixture which 
evolved CO2. The evolved CO2 gas was collected by downward 
displacement of the sulphuric acid. After the evolution was 
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complete, and the raise in temperature due to the reaction 
attained the initial reading, the sulphuric acid in both the 
cylinders was levelled to the same mark to obtain the same 
atmospheric pressure Inside the assembly once again; and, 
the change in volume was recorded. From the gas evolved, 
the amount of metal carbonate unreacted was determined and, 
In turn, the fraction reacted was calculated. Like-wise, 
the fraction reacted at different time intervals was 
determined for the same amount of reactants mixed in a fixed 
•olar ratio. For this, the same amount of reactants in 1:2 
BOlar ratio were kept in different containers in a 
thermostat maintained at a fixed temperature with a 
variation of jJ>.5°C. This was studied at various 
temperatures for both set of reactions. The particle size 
of the reactants were always maintained above 300 mesh. The 
results obtained are recorded In Table I & II. The 
reactions follow (Figs. 1 and 2> the GinstIing-Brounshtein 
rate equation CIQ]. 
kt = C I - 2/3 X - (1 - x)^''^ ] (1) 
where x Is the fraction of metal carbonate reacted at time 
t. The values of k at different temperatures with their 
probable precision for the two reactions are reported in 
Table III & IV 
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The reaction products in either of the reactions 
being yellow, the lateral diffusion technique [11} for the 
kinetic studies was attempted. But the growth of the 
product layers were too heterogeneous to allow precise rate 
measurement. The same was also attempted by keeping an air-
gap between the two reactants at the start itself. 
TABLE 1 
Fraction of Cadmiua Carbonate Reacted At Different Intervals 
Of Tlae. 
TIME (hr>/ Fraction of CdCOg reacted <x) 
TEMPERATURE(°C ) 
(SO + 0.5) (60 *_ 0.5) (70 • 0.5) 
2 - - 0.2221 
3 - 0.1586 
4 0.1171 
6 - - 0.3640 
7 - 0.2368 
8 0.1590 
9 - - 0.4450 
16 - 0.3480 0.5700 
18 0.2371 
22 0.2555 0.4039 
24 - - 0.6675 
26 0.2802 0.4350 
28 - - 0.7086 
Reaction mixture: 0.348 gm of CdCOg & 0.5806 gm of 8-HQ 
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TABLE - I I 
Fraction Of ZnC03 Reacted At Different Intervals 
Of Tine. * 
TIME(hr)/ Fraction of ZnCOo reacted (X) 
TEMPERATURE(°C) 
(40 + 0.5) (50 • 0.5) (60 + 0.5) (70 + 0.5) 
2 - - 0.2798 0.4654 
3 0.1136 0.2116 
5 - - 0.4445 0.6639 
6 0.1588 0.2865 
8 - - 0.5396 0.7647 
10 0.2169 0.3940 
11 - - 0.6112 0.8621 
14 - 0.4242 0.6704 
18 0.2914 0.4685 0.7342 
24 - 0.5344 
25 0.3372 _ _ -
28 - 0.5691 
32 0.3647 - _ _ 
Reaction mixture : 0.2508 gm of ZnCOg L 0.5806 of 8-HQ. 
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TABLE - I I I 
Tenperature Dependence Of Paraaeter Of Equation (1> 
For CdCOg 8-HQ Reaction. 
TEMPERATURE 
(°C) (mole/hr) 
Standard 
Deviation 
<an-i> 
Relative 
Standard 
Deviation 
(50 1 0.5) 
(60 1 0.5) 
(70 + 0.5) 
0.3850 X 10 
1.0000 X 10 
3.1251 X 10 -3 
0.0106 X 10 
0.0102 X 10 
-3 
-3 
0.0715 X 10 
0.0276 
0.0101 
0.0231 
TABL£ - IV 
Teaperature Dependence Of Paraaeter Of Equation (1) 
For ZnC03 8 - HQ Reaction 
Temperature 
(°C) (•ole/hr) 
Standard 
Deviation 
Relative 
Standard 
Deviation 
(40 1 0.5) 
(50 ± 0.5) 
(60 i 0.5) 
(70 + 0.5) 
0.5911 X 10 -3 
1.7850 X 10 
5.4003 X 10 
14.0002 X 10 
-3 
-3 
-3 
0.0459 X 10 -3 
0.1314 X 10 
0.2023 X 10 -3 
0.7871 X 10 
0.0823 
0.0705 
0.0375 
0.0540 
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Fig,2 Kinetic data for the reaction between ZnCO, and 8-HQ. 
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ELEMENTAL ANALYSIS OF THE REACTION PRODUCTS : 
Solid cadmium carbonate or zinc carbonate was 
finely ground with a large excess of 8-HQ and heated to 
60°C. The reaction products thus obtained were washed 
repeatedly with acetone to remove unreacted 8-HQ. The 
products were dried and the metal content (cadmium or zino 
was estimated gravimetrical1y C12}. Nitrogen, carbon and 
hydrogen were estimated by microanalytlca1 technique. 
Results of elemental analyses are as follows: 
TABLE-V 
Calculated Observed 
Cd = 24.291; 
N = 6.05X; 
C = 49.32X; 
H - 3.062; 
Cd = 23.TOX 
N = 6.207. 
C = 49.4r)i 
H = 3.12X 
ZnCOj-B-HQ 
Calculated Observed 
2n 
N 
C 
H 
S 
= 
s 
— 
15.73X 
6.741 
54.B9X 
3.40X 
Zn 
N 
C 
H 
= 
= 
= 
-
1S.65Z 
6.79? 
54.952 
3.481 
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IR STUDIES : 
Infrared spectra of the reaction products and 
the reactants were taken in KBr disks with a Beckman IR-20 
spectrophotoffleter. Characteristic infrared spectral bands 
are given in Table VI. 
THERMAL STUDIES : 
Metal carbonates and 8-HQ were mixed 
thoroughly In 1:2 nolar ratios, and poured immediately into 
a Dewar flask , completely insulated, and the raise in 
temperature as a function of time was recorded using a 
Beckman thermometer calibrated to 0.01°C. The plots of 
temperature against time are shown in Fig. 3. 
CONDUCTIVITY MEASUREMENTS: 
Electrical conductivity measurements were made 
on powdered reaction mixtures, compressed into a disk, using 
a teflon conductivity cell (self designed). Metal carbonate 
and 8-HQ were mixed thoroughly with each other in 1:2 molar 
ratio, and the mixture was immediately placed into a die and 
pressed into a disk of 0.31 cm surface area and about 
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0.3 cm thickness. The disk was held between the platinum 
electrodes of same surface area and the change in 
conductivity with time at room temperature was measured by a 
GenRad (USA) 1657 model RLC Dlgibridge at a frequency of 
120 Hz. Results of the studies are plotted in Fig. 4. 
X-RAY DIFFRACTON STUDIES: 
Powder X-ray diffractograms of the reaction 
product, obtained as a result of mixing metal carbonates and 
8-HQ in solid state in 1:2 molar ratio, and the solid-solid 
reaction product washed with acetone were taken with a 
Norelco Geiger X-ray diffractometer using Cu K a radiation 
with a Ni filter. Lack of sharpness in diffractograms show 
that all the products were non-crystallized solids. 
RESULTS AND DISCUSSION: 
Product analyses show that metal carbonates 
and 8-HQ react in the molar ratio of 1:2. Thermal 
measurements (Fig. 3) show only one inflection due to 
initial rise in temperature which falls gradually due to the 
dissipation of heat evolved during the reaction. The plots 
of the conductivity versus time (Fig. 4) at room temperature 
also show only one inflection attaining constancy. Thus, 
the thermal as well as the conductivity studies suggest that 
both are one-step reactions. No evidence was obtained for 
7© 
the evolution of CO2 gas or H2O vapour during the reaction. 
This was checked ^s follows: 
A tube containing the reaction mixture was 
connecteti to another tube containing lime-water which 
remained colourless. Anhydrous copper sulphate taken in a 
tube connected to the reaction tube containing reaction 
mixture remained colourless. Thus, these experiments 
offered no evidence for the evolution of CO2 gas and H2O 
vapour. 
Chemical analyses of the products also reveal that 
metal carbonates and 8-HQ react in the afore mentioned 
ratio. IR spectra of the products, obtained by the reaction 
of the metal carbonate with 8-HQ in solution, and those of 
the products of solid-state reactions obtained (1) by mixing 
the carbonate with excess 8-HQ and removing the unreacted 8-
HQ treating with acetone and (2) by mixing the carbonate 
with 8-HQ in 1:2 molar ratio in mortar are the same. 
In lateral diffusion experiments, carried out with 
an air-gap in between the reactants, the product is on the 
side of the metal carbonates, indicating that the diffusing 
species in both the reactions is 8-HQ. 
The kinetic data best fit the Ginstling-
Brounshtein rate equation 
2 
kt = C I - X - ( 1 - X >2^^ ] (1) 
3 
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The plots of time versus the right hand side of Eq. (1) 
are straight lines (Figs. 1 and 2). The reaction products 
In either of the reaction were coloured but the boundary of 
the product layers were diffused and did not allow a precise 
rate measurefflent by the visual technique used for other 
reactions. The progress of the reaction with time was 
therefore followed by determining the fraction of metal 
carbonate, x, reacted at time t by gasoraetric technique 
described earlier. Our rate data for the two reactions very 
well fit the Ginstling - Brounshtein rate equation that has 
been developed for the situation where reaction is carried 
out by intimately mixiAg finely powdered reactants. In such 
a situation the component particles in which the reaction 
takes place is covered with the particles of the other 
component. Ginstling and Brounshtein emphasized that the 
surface area of the particles decreased as the reaction 
proceeded. Considering this they arrived at a rate equation 
that relates the fraction reacted with time. The concept of 
continuously decreasing surface area is contrary to the Idea 
of constant surface area on which the parabolic rate law is 
based. Thus the Ginst1ing-Brounshtein rate equation, 
developed for powdered reaction mixture is more appropriate 
for the present kinetic investigations as compared to the 
parabolic rate law.' 
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The fitting was done using linear least-
squares curve fitting technique. The values of k at 
different temperatures were obtained by the best fit plot 
and are reported with their probable precision in Table III 
it IV. As X, the fraction of metal carbonate reacted at 
time t, is an experimental quantity, the error in k, if any, 
must be due to the error in the determined x values. 
Therefore, different 'x' and its corresponding t values at 
the given temperature were substituted in equation (1) to 
obtain various k values. The various *k' values so 
obtained were used to calculate the extent of precision. The 
k's show the Arrhenius dependence (Fig. 5) as the logarithm 
of k*s plotted against inverse of absolute temperatures gave 
straight lines. The activation energy, Ea, therefore, was 
calculated using Arrhenius equation 
^^-Ea/HT 
where R is the gas constant and A is the frequency factor. 
The error in parameter Ea was found using the CERN library 
least-square search package HINUIT reffered in Appendix 'A*. 
The energy of activation for CdC03--8-HQ reaction is 
calculated to be 92.3 +^3.3 kJmole"^, and for the ZnC03--8-
HQ reaction It is 86.6 ± 0.6 kJmole""^. The rate decreased 
with increasing thickness of the product layer. 
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2.9x10 
Fig. 5. Arrhenius plots for the reactions (1) ZnCO^ - 8 
(2) CdCOg - 8-HQ. 
HQ and 
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From the high values of activation energies, it 
can be concluded that 8-HQ diffuses into the metal (Zn or 
Cd) carbonate grains by a -defect mechanism. When the 
reactants were separated by air-gaps, the rate decreased 
with increasing length of the air-gap. This suggests that 
penetration inside the carbonate grain is preceded by 
surface migration of 8-HQ. Experiments suggest that 8-HQ 
can migrate on the glass surface C131. 
Elemental analyses of the reaction products 
indicate that two molecules of 8-quinolinol react with one 
molecule of metal (Zn or Cd) carbonate. IR spectra of the 
reaction products obtained by solid-state reactions and of 
those extracted in acetone showed that the two products are 
the same. The products obtained in solid-solid interactions 
when treated with dilute HCI did not evolve CO2 gas which 
implies that the carbonate group of the metal carbonate Is 
not free and forms a part of the chelate. 
The IR spectra of CdCOg and ZnCOg (Table VI) show 
bands which are compatible with a bidentate Involvement of 
the carbonate anion C143. The ligand, 8-HQ, exhibited a 
broad band in the region 3100-3450 cra"^  due to the presence 
of the hydrogen-bonded --0H group in the molecule in 
addition to the characteristic ring vibrations. The peaks 
in IR spectra of metal quino1inolates are less sharp as 
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compared to those of metal carbonates and 8-HO. due to the 
non-xalline character of the former ones. 
The ring vibrations of the 8-HQ are not much 
affected in the reaction product. However, the C-OH 
vibration is shifted down by 35 and 30 cm" in the reaction 
products with CdC03 and ZnCOo. respectively. thus 
suggesting the involvement of OH hydrogen in a sort of 
hydrogen bonding with the CdC03 or ZnC03 moiety. This is 
further confirmed by observing a considerable decrease in 
the characteristic carbonate stretching vibrations as 
indicated in Table VI. The probable structure of the 
reaction product, in the light of the above observations. 
may be given as shown below: 
H" 
(Where M = Cd or Zn) 
(Fig.6) 
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WUk. - V I 
S SSIM 
1 2 3 4 RiaqviiR- C-O-H 
frBjDBKy tifls 
ZnCOj 1050 Ci '^ (•) E 5 c i"* (s) 1550 Ci"J (s) 735 cf'^ (•) 
1420 ci"' (s) 
CdCOj 1075 M " ^ (t) 8&5 of^ (s) 1500-1440ci'' (bs) 730 d^ (si 
S-HQ . . . . ISWci'^fs) 12i5c«'* (s) 
1495 «•'<vs) 
1465 ci''(SI 
lUCOj • Wl}> low Ci"^ (•) 840 Ci '^ (•) 1410 c i ' ^ tbsl 750 ci '^( i ) 1595 c i ' Jn ) 1230 a'^ n ; 
fiBJCtion product 1385 Ci'^ (s) 1500 c i ' ' (s) 
(ZnCOj • 8H«) 1040 ci"* (•) 820 ci" ' (•> 1470 ca"' (s) 750 c i ' ' n ) 1590 a f j i i ) 1235 u"^ I D 
Reactian product 1380 ci"^ (SJ I500ct"''.sl 
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C h i S L p t e r I I I 
Reactions between B—Quinolinol 
and Hal ides of Cadfliium 
The complication in understanding the mechanism of 
solid-state reactions arises due to the various stages 
involved in the process, namely, surface reaction followed 
by surface migration and penetration of one reactant into 
the crystal lattice of the other. This has tempted us to 
study such reactions with a view to establish the mechanism 
of the reaction and to study the effect of temperature on 
reaction rate. 
In this chapter, solid-state reactions between 
8-Quinolinol(8-HQ) and cadmium halides(Cl, Br, I) have been 
studied to obtain a comprehensive picture of the various 
stages involved in the reaction. Kinetics of the reactions 
have been studied following the Increase in the product 
thickness and the mechanism of the reaction has been 
explained on the basis of the change in conductance and the 
evolution of heat with the progress of the reaction. The 
reaction products have been characterised by elemental 
analyses and IR studies. 
8-HQ reacts with CdX2(X=Cl, Br, I) to yield a 
coordination complex of an addition type. The colours of the 
products obtained are respectively canary yellow, pale 
yellow and orange. Cdl2 an d 8-HQ also reacted in 1:2 molar 
ratio while others combine in 1:1 molar ratio. 
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MATERIALS: 
BDH reagent grade CdClg and CdBr2> AnalR grade Cd12 
(Glaxo Laboratories (India) Ltd.) and 8-HQ (Aldrich 
Chemical Company, Inc.) , melting point 74.9°C, were used 
without further purification. The reactants were powdered 
and sieved to above 300 mesh size. 
KINETIC HEASUREHENTS: 
The kinetics of the reactions between 8-HQ and 
cadmium halides were studied at different temperatures by 
measuring the thickness of the product formed at different 
intervals of time. 8-HQ and cadmium halides were powdered in 
an agate mortar and sieved to above 300 mesh. The kinetics 
was followed in a vertical pyrex glass tube of 0.5 cm 
internal diameter whose one end was sealed by fusion. An 
approximately 10 cm long tube of uniform bore was chosen 
for this purpose. A weighed amount of cadmium halide was 
placed in the tube and pressed gently by placing a 15 cm 
long brass rod of 0.5 cm external diameter; thereafter, a 
weighed amount of 8-HQ was placed over cadmium halide and 
pressed again by placing the same rod. The reaction tube was 
sealed and kept in an air thermostat maintained at a desired 
temperature and controlled to +_ 0.5°C. One gram of each 
reactant (300 mesh) was taken each time and pressed to 
identical pressure as reported earlier tl]. The isothermal 
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growth of the product layer at the interface was recorded at 
different intervals of time at different temperatures by a 
travelling microscope having a calibrated scale in its 
eyepiece (least count 0.001 cm). Each experiment was run In 
triplicate and the average values of three different sets 
were used to calculate the rate constants. The results are 
shown in Figs. 1-3 and Tables I-IV. 
TABLE - I 
Speciaen Set Of Original Data Of Lateral Diffusion Technique 
For CdCl2 8 - HQ Reaction at (45 ± 0.5) »C. 
TIME THICKNESS OF THE PRODUCT, x (cm) 
(hr) 
1st Set 2nd Set 3rd Set Average 
1 0.016 0.016 0.015 0.0157 
2 0.022 0.021 0.022 0.0217 
4 0.032 0.032 0.031 0.0317 
8 0.046 0.045 0.045 0.0453 
16 0.064 0.063 0.064 0.0637 
32 0.092 0.092 0.090 0.0913 
64 0.129 0.128 0.129 0.1287 
81 
TAKI - II 
IsotherMl Kinetic Data For CdCl2 - B - HQ Syste* 
TI«E<hr)/ 
TEMPERATURE C O 
1 
2 
4 
S 
16 
32 
(A 
AVERAGE THICK)ESS OF T>£ PRODUCT LAYER, x (ca) 
(45 t 0.5) 
0.0157 
0.0217 
0.0317 
0.0453 
0.0637 
0.0913 
0.1287 
(50 + 0.5) 
0.0193 
0.0273 
0.0397 
0.0557 
0.0&)3 
0.1147 
0.1587 
(55 + 0.5) 
0.0247 
0.0347 
0.0510 
0.0707 
0.0973 
0.1413 
O.ZOOi) 
(60 t 0.5) 
0.0307 
0.0443 
0.0610 
0.C867 
0.1237 
0.1737 
0.2467 
(66 t 0.5) 
0.0390 
0.0543 
0.0763 
0.1100 
0.1660 
0.2240 
0.3127 
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TABLE - III 
Isotherul Kinetic Data For Cd6r2 - 6 - HQ Syate* 
TIHE (hr)/ AVERAGE THICKNESS OF THE PRODUCT UYER, x (oi) 
TEMPERATURE C D 
(45 • 0.5) (50 • 0.5) (55 • 0.5) (60 • 0.5) (65 + 0.5) 
1 0.0137 0.0170 0.0203 0.0247 0.0317 
2 0.0193 0.0230 0.0273 0.0337 0.0437 
4 0.0240 0.0313 0.0390 0.0463 0.0590 
8 0.0330 0.0430 0.0520 0.0633 0.0847 
16 0.0477 0.0570 0.0697 0.0870 0.1077 
32 0.0643 0.0790 0.0947 0.1160 0.1487 
64 0.0870 0.1073 0.1307 0.1587 0.1973 
&3 
TABLE - IV 
Isotheraal Kinetic Data For Cdl2 - B - HQ Systn 
nmihr)/ AVERAGE THIOOCSS GF T}C PRODUCT WYER, x (ci) 
TEKtRATURE CD _ — 
(50 + 0.5) (55 + 0.5) (60 t 0.5) (65 + 0.5) 
1 0.0127 0.0153 0.0190 0.0230 
2 0.0167 0.0203 0.0250 0.0300 
4 0.0217 0.0263 0.0327 0.0390 
B 0.0277 0.0347 0.0443 0.0507 
16 0.0373 0.0457 0.0563 0.0670 
32 0.0490 0.0593 0.0720 0.0887 
64 0.0620 0.0793 0.0973 0.1160 
A gap developed at the Interface in the reaction 
tube between the coloured product boundary and 8-HQ with a 
plane surface on the product side and taking a convex 
surface on the 8-HQ side. Later, for each reaction, lateral 
diffusion experiments were run keeping air-gaps of different 
length between the reactants in the initial stages itself 
at 60°C, the reaction proceeded exactly alike, giving 
similar products on the cadinlum hallde side. However, the 
reaction rate decreased with increasing length of the 
air-gap (Fig. 11). 
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E 
u 
l O 
X 
F i g . l . Kinetic data for the reaction between CdCU and 8-HQ 
at various temperatures. 
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Fig.2. Kinetic data for the reaction between CdBr„ and 
8-HQ at various temperatures. 
Fig.3. Kinetic data for the reaction between Cdl„ and 
8-HQ at various temperatures. 
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ELEMENTAL ANALYSES OF THE REACTION PRODUCTS: 
The coloured proclu<:ts were separated manually by 
breaking the reaction tubes. In another case, the reactants 
in solid state were mixed in 1:1 molar ratio and heated to 
60*C for 10 days. In a third case, solid CdX2 was finely 
ground with a large excess of 8-HQ (above 3 molar) and 
heated to 60*C for the same duration. During the process 
the mixtures were repeatedly pulverized and mixed. The 
product obtained in the last case by CdCl2 and 8-HQ was 
washed repeatedly with acetone to remove the unreacted 8-HQ 
whereas the products obtained by CdBr2 and Cd12 with 8-HQ 
were washed with chloroform. The washing of the products 
did not affect the stability of the products. The products 
so obtained were dried and the metal content for all the 
sets was estimated gravimetfica11y [23. Nitrogen, carbon 
and hydrogen were estimated by microanalytica1 technique. 
The elemental analyses are recorded in Table V. 
8? 
TABLE V 
CdCl2 - 8-HQ (1:1 product) 
Calculated Observed 
Cd 
N 
C 
H 
3 4 . 2 2 X ; 
4 . 2 6 5 X ; 
3 2 . 9 1 X ; 
2 .15%; 
Cd 
N 
C 
H 
34.00% 
4. 15% 
32.21% 
2. 10% 
CdBrg - 8-HQ (1:1 product) 
Calculated Observed 
Cd 
N 
C 
H 
2 6 . 9 3 1 % ; 
3 .357%; 
2 5 . 8 9 7 % ; 
1.694%; 
Cd 
N 
C 
H 
27.10% 
3.20% 
25.12% 
1.50% 
Cdl - 8 - HQ (Isl product) 
Calculated Observed 
Cd 
N 
C 
H 
2 1 . 9 8 % ; 
2 .74%; 
2 1 . 1 4 % ; 
1 .383%; 
Zn 
N 
C 
H 
22.15% 
2.85% 
21.00% 
1.25% 
Cdlg - 8-HQ (1:2 product) 
Calcu1ated Observed 
Cd 
N 
C 
H 
17 . 12%; 
4 . 2 6 8 % ; 
3 2 . 9 2 9 % ; 
2 .154%; 
Cd 
N 
C 
H 
17.00% 
4.05% 
32.65% 
2.05% 
THERMAL STUDIES: 
CdX2 and 8-HQ (all above 300 mesh size) were 
weighed separately and then mixed thoroughly in 1:1 molar 
ratio, and poured immediately into a Dewar flask, completely 
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insulated and maintained at a fixed temperature. The 
thermal measurements were also carried out with 1:2 molar 
mixture in a similar fashion. The raise in temperature as a 
function of time was recorded using a fieckman thermometer 
reading to 0.01'C. The plots of temperature against time 
are shown in Figs. 4 and 5. 
CONDUCTIVITY MEASUREMENTS: 
Electrical conductivity measurements were made on 
powdered reaction mixtures, compressed into a disk, using a 
teflon conductivity cell (self designed). CdX2 and 8-HQ 
(molar ratio 1:1 and 1:2 ) were mixed thoroughly with each 
other and the mixture was immediately placed into a die and 
2 pressed into a disk of 0.31 cm surface area and about 0.3 
cm thickness. The disk was held between the platinum 
electrodes of the same surface area and the change in 
conductivity with time was measured by a GenRad (USA) 1657 
model RLC Digibridge at a frequency of 120 Hz. Results of 
the studies are plotted in Fig. 6. 
IR STUDIES: 
Infrared spectra of the reaction products and 8-HQ 
were taken in KBr disks with a Beckman IR-20 
spectrophotometer. Important infrared spectral bands are 
given in Table IX . 
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RESULTS AND DISCUSSION: 
Product analyses show that CdCl2 and CdBr2 react 
with 8-HQ in an equimolar ratio only whereas Cdl2 reacts 
with 8-HQ both in 1:1 and 1:2 molar ratios. It was observed 
that when Cd12 and 8-HQ were mixed in 1:2 molar ratio at 
room temperature, a cream colour product was formed which 
slowly turned orange. The colour remained cream for 1:1 
molar mixture. CdClg and CdBr2 react with 8-HQ to give 
canary yellow and pale yellow products respectively. No 
evidence was obtained for the evolution of hydrogen haiide 
during the reaction. 
Chemical analyses also reveal that Cdl2 and 8-HQ 
react in the afore mentioned ratios whereas CdCl2 and CdBr2 
react with 8-HQ in an equimolar ratio only. IR spectra of 
the products obtained by mixing <i) CdI 2 with excess 8-HQ 
and removing the unreacted 8-HQ by washing with chloroform 
and (ii) Cdl2 with 8-HQ in 1:2 molar ratio in an agate 
mortar, are the same. The IR spectra of 1:1 molar mixture 
of Cdig and 8-HQ was different from the above (i) and (ii). 
In another case, the product obtained by mixing 8-HQ with 
excess Cdl2 was washed repeatedly with warm water to remove 
the unreacted Cdl2« The product thus obtained was dried by 
heating at llO'C. Its IR spectra was similar to one 
prepared in 1:1 molar mixture in solid state.This also 
suggests the fact that Cdl2 reacts with 8-HQ in both 1:1 and 
93 
1:2 molar ratios. Elemental analyses of the products also 
suggest that Cdl2 reacts with 8-HQ to give two additive 
complexes. Chemical analyses also reveal that CdCl2 and 
CdBr2 react with S-HQ in l;l molar ratio only. IR spectra 
of the products obtained by mixing (i) CdCl2 or CdBr2 with 
excess 8-HQ and removing the unreacted 8-HQ by washing with 
acetone and chloroform respectively and (ii) by mixing CdCl2 
or CdBr2 with 8-HQ in 1:1 molar ratio in the mortar are the 
same. 
Thermal measurements (Figs. 4 and 5> show only one 
inflection in all the cases except the 1:2 molar mixture ot 
Cdl2 and 8-HQ which gives two inflections suggesting it to 
be a two step process, whereas interaction of CdC I >;> and 
CdBr2 with 8-HQ is a single step process. 
Electrical conductivity measurements made with 
disks prepared from both 1:1 and 1:2 molar mixtures of CdX-, 
and 8-HQ at room temperature (Fig. 6)show a sharp rise and 
constancy thereafter except for 1:2 molar mixture of Cdl2 
and 8-HQ where it first rises rapidly and then falls slowly. 
This suggests that Cd12 - 8-HQ reaction is a two step 
process and others are one step process. In case of Cdlo~6-
HQ(1:2), the first increase in the conductivity may be due 
to the formation of 1:1 adduct and the decrease thereafter 
attaining constancy may be due to its conversion into 
1:2 complex. 
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Elemental analyses of the reaction products 
indicate that one molecule of CdCl2 or CdBr2 reacts with one 
molecule of 8-HQ. In case of Cdl2 reaction occurs both in 
1;1 and 1:2 molar ratios. 
In lateral diffusion experiment, a coloured 
boundary formed at the interface in each case soon after 
the placement of the reactants in the reaction tube. grew 
only on the CdX2 side. This shows that 8-HQ is the diffusing 
species which diffuses through the product for reaction at 
halide surface. For lateral diffusion, the Isothermal 
kinetic data fit best in the equation 
X" = kt 
where X is the thickness of the product formed at time 't' 
and *k' and 'n' are constants. The validity of the equation 
was tested by plotting logX versus logt, where straight 
lines were obtained (Figs. 7-9). The fitting was done using 
linear least-squares curve fitting technique and the values 
of 'k' and 'n' were obtained by the best fit plot. As 'X' 
is the experimental quantity, the error in 'k' if any, must 
be due to the error in the measured 'X' values. Therefore, 
the best fit 'n' value was substituted in equation x"=kt to 
obtain various 'k' values for different 'X' and its 
corresponding 't* values at the given temperature. The 
different 'k' values so obtained were used to calculate the 
extent of precision. The values of "n' and 'k' at 
different temperatures for each reaction are reported with 
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t h e i r p r o b a b l e p r e c i s i o n i n T a b l e s VI - V I I I . 
TABLE-VI 
Taiperature Dependence Of Kinetic Paraaeters Of The Equation 
X" » kt, For CdClj - 8 - HQ Reaction 
Teaperature 
CD 
(45 t 0.5) 
(50 t 0.5) 
(55 + 0.5) 
(60 i 0.5) 
(66 + 0.5) 
k 
(c«/hr) 
2.8161 X 
4.3666 X 
6.2641 X 
9.4913 X 
16.4640 X 
10'^ 
10'' 
10"' 
10'' 
10'^ 
Standard 
Deviation 
««r;;-i> 
^ 0.0579 X 10'^ 
' 0.0954 X 10'' 
' 0.1913 X 10'' 
' 0.2002 X 10"' 
' 0.8408 X 10"' 
Relative 
Standard 
Deviation 
' o.o:-o6 
 0.021B 
 0.0305 
 0.0211 
 0.0509 
Average Standard 
'n' Deviation 
in n' 
'n' 
1.964 
1.961 
1.995 1.978 0.019<:4 
2.002 
1.968 
TABLE - VII 
Teeperature Dependence Of Kinetic Paraieters Of The Equation 
l" « kt, For CdBrj - 8 - HQ Reaction 
Teiperature 
CD 
(45 t 0.5) 
(50 + 0.5) 
(55 + 0.5) 
(60 + 0.5) 
(65 + 0.5) 
k 
(ou'hr) 
0.6405 X 
1.0039 X 
1.6201 X 
2.5839 X 
4.0634 X 
10'* 
10-^ 
10"^ 
10-* 
10"* 
Standard 
Deviation 
«<n;-i> 
0.0458 X 10"* 
0.0177 X 10'* 
0.0579 X 10"* 
0.0462 X 10"* 
0.2312 X 10"* 
Relative 
Standard 
Deviation 
0.0716 
0.0176 
0.0357 
0.0179 
0.0567 
Average Standard 
'n' Deviation 
in n' 
'n' 
2.247 
2.258 
2.242 2.251 0.0149 
2.235 
2.273 
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TABLE - VIII 
Teiperature Dependence Of Kinetic Paraaeters Of The Equation 
X" = kt, FOP Cdl2 - B - H 8 Reaction 
Standard Relative Average Standard 
Teiperature k Deviation Standard 'n' Deviation 
Deviation in n' 
C O <ca/hr) ((J-;;_j) 'n' 
(50 + 0,5) 1.1567 X 10'^ 0.0399 x 10"^ 0.0345 2.605 
i. .5705 0.0256 
(55 i 0.5) 2.4332 x lO"^ 0.0415 x lO"^ 0.0171 2.543 
(60 + 0.5) 3.B727 x 10"^ 0.1639 x 10"^ 0.0424 2.568 
(65 • 0.5) 6.1376 x lO"^ 0.1152 x lO"^ 0.0188 2.566 
The value of 'n* In x"=kt does not vary 
significantly, for a particular set of reaction. at all 
temperatures showing It to be Independent of temperature. 
This suggests that the mechanism remains the same at all 
temperatures. 
The ks' show the Arrhenius dependence as the 
logarithm of ks' plotted against the inverse of absolute 
temperatures gave straight lines (Fig. 10). The activation 
energy, Ea, therefore, was calculated from the Arrhenius 
equation, 
k=Ae-E»/RT 
where R Is the gas constant and A is the frequency factor. 
The error In parameter Ea was found using CERN Library 
least-square search package MINUIT referred In Appendix "A*. 
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The rate decreased with increasing time (Figs. 1-
3), and, therefore, with increasing thickness of the product 
layer. This may be attributed to the fact that the blocking 
of the reaction paths takes place as a result of the product 
formation C3]. The rate constant 'k' is related to the 
diffusion coefficient [4]. The gradual rise in k with a rise 
in termperature suggest that, as a whole, the process is 
diffusion controlled [53. 
A simultaneous development of a gradually 
increasing gap between the coloured product and 8-HQ 
suggests that the 8-HQ might be reacting with CdX2 via 
vapour phase. Experiments repeated with air-gaps of 
different length between the reactants at the start itself 
proceeded likewise following the same rate equation, x"=kt. 
The rate constant, however, decreased with the increasing 
length of the air gap following the equation 
k'« Ae"P** 
where k' is the rate'constant for d cm long air-gap. and A 
and p are constants. The linearity of logk' versus 'd' plot 
(Fig.11) indicates that the diffusion is occurring via 
surface migration and not through vapour phase. This is 
also concluded from the analysis of the equation k*= Ae -pd 
that when d=0, k'=A and when d=o^, k'«0. This indicates 
that an infinite separation will not allow the reaction to 
be initiated which is not true of vapour phase diffusion. 
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It was interesting to note that the gap developed 
with a plane surface on the product side and a convex 
surface on the 8-HQ side, as depicted below: 
Air-gap / Product 
This suggests that' the consumption of 8-HQ at the interface 
due to its diffusion and subsequent reaction with CdX2 
results into a gap which restricts the further access of 8-
HQ molecules to CdX2' The convexity of the surface suggests 
that the diffusion of 8-HQ is via the surface and not vapour 
phase. Interestingly, the product formed in reaction tube 
was i:l in case of CdCl2 and CdBr^ whereas it was 1:2 in 
case of Cd12' This was confirmed by comparing the IR spectra 
of the tube products with those prepared by mixing. This is 
understandable as 8-HQ is in excess and so the product must 
correspond to that of the product obtained in 1:2 molar 
ratio. 
The activation energies calculated for the 
reactions by lateral diffusion experiments are 74.55+.1.22 
kJmole"^, 84.61+_3.88 kJmole"^ and 101.66t.0.93 kJmole"^ for 
CdCl2-8-HQ, CdBr2-8-HQ, and Cdl2-(8-HQ)2 respectively. The 
high values of activation energies suggest that S-HQ 
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diffuses into the cadmium halide grains by a defect 
mechanism. The dependence of the rate on the length of air 
gap and the high values of activation energies suggest that 
the penetration inside the cadmium halide grains is preceded 
by surface migration of 8-HQ. 
The vibrational spectra ( Table IX ) of the 
reaction products CCdI2-(8-HQ)3 (1:1), [CdI2-(8-HQ)2] (1:2). 
CCdBr2-(8-HQ)1 (1:1) and CCdCI2-(8-HQ)] (1:1) are quite 
informative and provide unambiguous clues regarding the mode 
of coordination of the 1igand 8-HQ with metal ion. The 
aromatic ring vibrations coupled with the pyridyl ring 
vibrations are in general positively shifted in the complex 
compared to that of the free ligand indicating the pyridyl 
nitrogen coordination. The C-O-H stretching vibration as 
expected is negatively shifted due to the coordination from 
oxygen of the phenolic group. However, in 1:2 molar product 
CCdl2-(B-HQ)r> 3 the C-O-H stretching vibration remains 
unaffected suggesting its non-invo1vement in the 
coordination. The metal ligand stretching vibrations for 
V M - 0 and \JM-N are observed at the reported position [63. The 
l^Cd-Cl - stretching vibration has been observed as a strong 
band at 280 cm" whilei^Cd-I and Vcd-Br stretching vibrations 
could not be recorded as these fall at about 150 cm~^ and 
190 cm~^ respectively which Is beyond the range of our 
instrument. The probable structures of the various products 
in view of the present physico-chemical data may be 
105 
reoresented as shown below. 
H --H—0 0 — H — 
X=C1. Br. or I 
[CdX (8-HQ)] (1:1) 2 
[Cdl (8-HQ)^) (1:2) 2 2 
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TIB£ - n 
i B o r t a t b f m d Soectral Bands Of B4i) M Its D S B I B B Uiii C a k i a Hilides 
freqiBncy 
n KatAntios E-iHI M H H-I 
84fi SifrJ ca (bs) 1590 ci.j (s) 12W a (s) 
1595 ci.j (s) 
14&5 CI (s) 
Cdl -6-H9 
(1:? oroduct) 
3730 ca (b) -1 -1 -1 -1 165UC1 (i) IZ^JCi (•; 555 CI (i) 3&0 ci (i) 
1415 cil} (s) 
1520 CI.J (s) 
1455 CI (vs) 
Cdl -B-HQ 
(1:5 oroduct) 
CdBr^ -=-«3 
dji'sraffjct' 
CdCl -e-HO 
(l;l^ oro()uct; 
-1 
3640 CI 
-1 
3735 :i 
-1 
3740 CI 
(b) 
(b) 
(b) 
-I 
1&15 CI 
1500 cil} 
1485 CI 
1635 ci' 
156'j cii 
1455 CI 
1620 ci" 
1540 cii 
1460 CI 
(s) 
(s) 
(s) 
(s) 
(s) 
(s) 
(5/ 
(s) 
(s) 
-I 
1260 CI (SI 
1225 CI ••; 
1230 CI" (I) 
-
550 CI (1) 
-1 
555 CI (i) 
-1 
370 d («) -
-1 
365 CI IN) 
370 CI (N) 290 CI (S) 
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Clnsip t & r I V 
Reactions between 8—Quinolinal 
and Acetates of Zinc, Cadmium 
and Mercury 
In this chapter solid-state reactions between 
8-quinolinol (8-HQ> and some of the transition metal 
acetates [MCAc)^^ have been studied with a view (1) to 
establish the mechanism of the reaction and to ascertain 
the mode of diffusion during the reaction. (2) to studv the 
effect of temperature on reaction rate, and (3) to studv 
the effect of length of air gap between the reactants on 
the rate of reaction. The mechanism of the reaction has 
been explained by thermal and conductivity measurements, 
and the reaction products have been characterized by 
elemental analyses and IR studies. The kinetics of the 
reactions have been studied by following the increase in 
the product thickness with the progress of the reaction 
using visual technique. 
Powdered 8-HQ reacts with metal (Hg . Cd or Zn) acetate 
to give a coordination complex of an addition type. The 
colours of the products obtained are orange. yellow and 
light yellow for the reactions Hg(Ac)2 -8-HQ. Cd(Ac)2 -8-HQi 
and Zn(Ac)2 -8-HQ respectively. 
MATERIALS: 
Zinc acetate, cadmium acetate and mercury acetate 
(Arthur H. Thomas Company, Philadelphia. U.S.A.), and 8-
quinolinol (Aldrich Chemical Company, Inc.), melting point 
74.9 'C were used without further purification. The 
reactants were powdered to above 300 mesh size. 
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KINETIC MEASUREMENTS: 
The kinetics of the reactions were studied bv 
placing 8-HQ over metal acetates (all above 300 mesh size) 
in pyrex glass tubes of uniform bore as described in the 
previous chapter. 
Soon after placing 8-HQ over metal acetate in the 
tube, a coloured boundary formed at the interface and this 
grew with time on metal acetate side with a gap developing 
at the interface between the coloured boundary arid 8-HO. The 
progress of the reaction was followed by measuring the total 
thickness of the product layer formed at the interface as 
described in the previous chapter. Each experiment was run 
in triplicate and the average values of different sets were 
used to calculate the rate constants. The kinetics were 
likewise studied at different temperatures. The results are 
shown in Figs. 1-3 and presented in Tables I-Ill . 
Also, rate measurements were done keeping air-gaps 
of different length between the reactants at the start 
itself at 60 'C. The reaction proceeded likewise giving 
similar products on the side of metal acetates. The effect 
of air-gap on the reaction rate was studied. A decrease in 
the rate of reaction was observed with increasing length of 
the air-gap. The dependence of the reaction rate on the 
length of air-gap is shown in Fig. 4. 
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TABLE- I 
Isotherul Kinetic Data For HofCHjCOOj - 8 - HO Systee 
TI«E(hr)/ AVERAGE THICKNESS OF T)£ PRODUCT LAYER, x (« ) 
TE>«RATIJRE CO 
(45 • 0.5) (50 t 0.5) (55 • 0.5) (60 + 0.5) (65 + 0.5) 
1 0,0200 0.0233 0.0273 0.0323 0.03SO 
2 0.0260 0.0293 0.0357 0.0413 0.04'?0 
4 0.0330 0.0390 0.0463 0.0537 0.0630 
8 0.0-437 0.0513 0.0603 0.0683 0.0803 
16 0.0550 0.0667 0.0760 0.0903 0.1047 
32 0.0717 0.0860 0.1003 0.1147 0.1363 
64 O.C'953 0.1123 0.1303 0.1530 0.1737 
TABLE- I I 
Isotherul Kinetic Data For Cd(CH3C00)2 - 8 -HO Syste* 
TI)£ (hr)/ 
TEMPERATURE CD 
t 
• \ 
4 
3 
16 
32 
64 
AVERAGE THIDOCSS OF THE PRODUCT LAYER, x 
(45 + 0.5) 
0.0180 
0.0227 
0.02B3 
0.0367 
0.0480 
0.0-597 
0.0777 
(50 t 0.5) 
0.0210 
0.0273 
0.0343 
0.0437 
0.0577 
0.0723 
0.0943 
(55 + 0.5) 
0.0250 
0.0320 
0.0413 
0.0530 
0.0660 
0.0850 
0.1110 
(60 + 0.5) 
0.0287 
0.0367 
0.0467 
0.0603 
0.0767 
0.0990 
0.1273 
(ca) 
(65 t 0.5) 
0.0330 
0.0427 
0.0537 
0.0693 
0.0680 
0.1147 
0.1463 
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TABLE - I I I 
IsotherMl Kinetic Data For Zn<CH3C00)2 - B - HO systM 
TIME (hr)/ AVERAGE THICKJESS OF THE PRODUCT LAYER, x (ci) 
TEMPERATURE CO • 
<45 • 0.5) (50 • 0.5) (55 + 0.5) (60 + 0.5) (65 + 0.5) 
1 0.0137 0.0167 0.0207 0.0240 0.0283 
2 0.0177 0.0213 0.0267 0.0307 0.0353 
4 0.0223 0.0273 0.0333 0.0390 0.0457 
B 0.0283 0.0347 0.0427 0.0513 0.0573 
16 0.0377 0.0433 0.0543 0.0623 0.0750 
32 0.0463 0.0563 0.0700 0.0807 0.0977 
64 0.0597 0.0717 0.0850 0.1037 0.1210 
1 1 2 
t(hrs) 
16f 
t(hrs) 
t(hrs) 
Kinetic data for the reaction between 
F i g . l . Hg (CH3C00)2 and 8-HQ 
Fig.2. CdCCHgCOOg and 8-HQ 
Fig .3 . Zn(CH3C00)2 and 8-HQ. 
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Fig.4 Dependence of rate constant on the length of air gap for the 
the reaction Jl)Hg(CH3C00)2-8-Hq. (2) Cd(CH3C00)2-8-HQ and 
(3) Zn(CH3C00)2-8-HQ, at 60°C. 
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ELEMENTAL ANALYSIS OF THE REACTION PRODUCTS: 
.Solid metal acetate was finely ground with a large 
excess of 8-HQ (above 3 molar) and heated to 60'C for 
several days. The reaction products' thus obtained were 
washed repeatedly with chloroform to remove the unreacted 8-
HQ. The products were dried and the metal content (Zn, Cd or 
Hg) was estimated gravimetricaily Cll. Nitrogen, carbon and 
hydrogen were estimated by microanalytica1 technique. The 
results of elemental analyses are as follows: 
TABLE - IV 
Hg(CH3C00>2 • 8-HQ Reaction Product. 
Calculated 
Hg 
N 
C 
H 
43.24X: 
3.02%: 
33.65%; 
2.83%: 
Observe 
Hg 
N 
C 
H 
d 
43.08% 
3. 14% 
33.96% 
2.94% 
Cd(CH3C00)2 * 8-HQ Reaction Product. 
Ca1culated Observed 
Cd 
N 
C 
H 
29.53% 
3.68% 
41.44% 
3.42% 
Cd 
N 
C 
H 
29.92% 
3.73% 
41.56% 
3.50% 
Zn(CH3C00)2 * 8-HQ Reaction Product. 
CaIculated Observed 
Zn 
N 
C 
H 
19.86% 
4. 15% 
47.52% 
3.98% 
Zn 
N 
C 
H 
19.89% 
4.26% 
47.51% 
4.00% 
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IR STUDIES: 
Infrared spectra of the reaction products were 
taken in KBr disks with a Beckman IR-20 spectrophotometer. 
THERMAL STUDIES: 
Metal acetates and 8-HQi were weighed separately on 
tissue paper and then mixed thoroughly in 1:1 molar ratios, 
and poured immediately into a completely insulated Dewar 
flask maintained at a fixed temperature. The raise in 
temperature as a function of time was recorded using a 
Beckman thermometer reading to 0.01'C. The plots of 
temperature against time are shown in Fig. 5. 
CONDUCTIVITY MEASUREMENTS: 
Metal acetates and 8-HQ were thoroughly mixed with 
each other in an equimolar ratio. and the mixture was 
immediately placed into a die and pressed into a disk of 
2 0.31 cm surface area and about 0.3 cm thickness. The disk 
was then held between platinum electrodes of the same 
surface area and the change in conductivity with time at 
room temperature was measured by a GenRad (USA) 1657 model 
RLC Digibridge at a frequency of 120 Hz. Results of the 
studies are plotted in Fig. 6. 
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RESULTS AND DISCUSSION: 
Product analyses show that metal acetates and 8-HO 
react in the molar ratio of 1:1. Thermal measurements show 
only one inflection in all the cases which falls gradually 
due to the dissipation of heat and finally attains 
constancy. This suggests that all the reactions studied 
here are one step. The same inference is also drawn from 
the conductivity measurements. 
No evidence was obtained for the release of 
CH^COOH. This was checked as follows. A glass tube 
containing reaction mixture was connected to another tube 
containing neutral FeClg solution. The reaction tube was 
kept at 60 'C. FeClg solution showed no change in colour. 
It was. however, doubted that the acetic acid which boils at 
118 *C might have adhered to the product so strongly that it 
was not released. So, the products were washed with water 
in order to dissolve acetic acid if, at all. present. The 
washing also did not give the test for acetic acid. The 
percent(X) composition of C and H in the products estimated 
by microanalytical technique also shows that CH3COOH is not 
given out in these reactions and that metal acetate and 8-HQ 
react in an equivalent molar ratio. IR spectra of the 
products. obtained in the reactions of metal acetates with 
8-HO, (i) by mixing the acetate with excess 8-HO and 
removing the unreacted 8-HQ by treating with chloroform and 
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(ii) by mixing the acetate with 8-HO in 1:1 molar ratio are 
the same. 
In lateral diffusion experiments carried out with 
and without an air-gap in between the reactants. the product 
always formed on the side of metal acetates indicating that 
the diffusing species in these reactions is 8-HQ. 
It is clear from Fig. 1-3 that the rate of 
reaction decreases with increase in time and, therefore. 
also with increase in X, the thickness of the product layer. 
As the product thickness increases, reactant takes more time 
to diffuse through the product layer and the reaction rate 
thus falls continuously. 
The kinetic data best fit the equation 
rn kt 
where X is the thickness of the product layer formed at time 
t. and k and n are constants. The validity of this equation 
was tested by plotting logX versus logt where straight lines 
were obtained (Figs. 7-9) . The fitting was done using 
linear least-squares curve fitting technique and the values 
of 'k' and 'n' were obtained by the best fit plot. The 
extent of precision was calculated as described in the 
previous chapter. The values of *n' and *k' at different 
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t e m p e r a t u r e s fo r e ach r e a c t i o n a r e r e p o r t e d wi th t h e i r 
p r o b a b l e p r e c i s i o n in Table V - V I I . 
TABLE - V 
Tewerature Dependence Of Kinetic Paraaeters Of The Equatioi 
x " > k t , For HQ{CH2COO)2-8-HB Reaction 
Teieerature k 
CO (Ci/hr) 
ndard 
iation 
".,) 
Relative 
Standard 
Deviation 
Averaoe Standard 
'n' Deviation 
in n' 
"n' 
(45 + 0.5) 2.6998x10"^ 0.0934 x lO"^ 0.0346 2.687 
(50 + 0.5) 5.1030 X 10"^ 0.1530 x lO'^ 0.0300 2.620 
(55 +0.5) 6.6133 x 10*^ 0.15S1 x lO'^ 0.0239 2.677 2.6798 0.0390 
(oO + 0.5) 9.6855 x lO"^ 0.3057 x 10'^ 0.0316 2.686 
(65 + 0.5) 13.2510 x lO"^ 0.2275 x 10'^ 0.0172 2.729 
TABLE - VI 
Teaoerature Deoendence Of Kinetic Paraaeters Of The Eouation 
X" » kt, For Cd (013010)2 - B - HO Reaction 
Teaoerature k 
CO (ca/hr) 
" M i . 
(45 + 0.5) 1.0945 x lO"^ 0.0433 y. lO"^ 0.0401 2.334 
(50 + 0.5) 2.1455 x lO"^ 0.0683 x lO'^ 0.0318 2.783 
(55 + 0.5) 3.1101 X 10'^ 0.0909 x 10'^ 0.0292 2.815 2.8046 0.0201 
(60 + 0.5) 4.ffi53 X 10"^ 0.0575 x lO"^ O.OUB 2.793 
(65 + 0.5) 7.1674 x lO'^ 0.1455 x lO'^ 0.0209 2.798 
Standard 
Deviation 
•ffT.;) 
Relative 
Standard 
Deviation 
Averaoe Standard 
'n' Deviation 
in n 
n' 
t2; 
TABLE - VII 
Tnperature Dependence Of Kinetic Paraaeters Of The Equation 
X" = kt, for Zn«CH3C00)2 - 8 - HQ Reaction 
Standard Relative Averaoe Standard 
Tewerature k Deviation Standard 'n' Deviation 
Deviation in 'n' 
C O (ca/hr) ((j^.j) -n' 
(45 + 0.5) 0.5439 x lO"^ 0.0225 x lO"^ 0.0413 2.B2S 
(50 • 0.5) 0.8154 X lO'^ 0.0178 x lO"^ 0.0218 2. B64 
(55 + 0.5) 1.2556x10"^ 0.0516x10"^ 0.0411 2.917 2.6568 0.0390 
(60 + 0.5) 2.3776 x lO"^ 0.0999 x lO"^ 0.0420 2.858 
(65 + 0.5) 4.1916 X lO'^ 0.1742 x lO"^ 0.0416 2.817 
The values of 'n' in X" * kt does not varv 
significantly for a particular set of reaction at all 
temperatures showing it to be independent of temperature. 
This suggests that the mechanism remains the same at all 
temperatures. 
The ks' show the Arrhenius dependence as the 
logarithm of ks' plotted against the inverse of absolute 
temperatures gave straight lines (Fig. 10). The activation 
energy, Ea, was calculated using the Arrhenius equation bv 
logk versus 1/T plot as described earlier. The error in 
parameter, Ea, was found using CERN library least-sauare 
search package 'MINUIT' referred in Appendix 'A'. 
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When the experiment was repeated with an air-gap 
between the reactants at the start itself, it proceeded in a 
similar manner to that when the reactants were in contact 
giving sinilar products. The kinetic data again followed 
the same rate equation, x" = kt. The rate constant, 
however. decreased with increasing length of the air-gap 
(Fig. 4) following the equation. 
Ae -pd 
where k* is the rate constant, d the length of the air-gap, 
and A and p are constants. The linearity of plots of logk' 
versus d (Fig. 4) indicates that the diffusion occurs via 
surface migration and not through vapour phase. Thus, the 
reactions between metal acetates and 6-HQ are diffusion 
controlled via surface migration. 
The activation energies calculated from logk 
versus inverse temperature plots are 92.00 _+ 1.22 kJmole~ . 
82.00 ± 1.22 kJmole"^ and 71.55 t_ 7.3 kJmol"^ for 
Zn(CH3C00)2 -8-HQ, Cd(CH3C00)2 -8-HO. and Hg(CH3C00)2 - 8-HQ 
reactions respectively. The high values of activation 
energies suggest that 8-HQ diffuses into the metal (2n. Cd 
and Hg) acetate grains by a defect mechanism. The 
dependence of the rate on the length of the air-gap and high 
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values of activation energies suggest that penetration 
inside the acetate grain is preceded by surface migration of 
8-HQ. Experiments suggest that 8-HCl can migrate on the 
glass surface [23. 
IR spectra of 8-HQ and the reaction products were 
examined. In the products Hg(CH3C00)2-8-HQ,Cd(CH3C00)2-8-HQ, 
and Zn(CH3C00)2-8-HQ, the asymmetric CO stretching 
vibrations have been observed at 1570 cm~^* 1585 cm" and 
1590 cm respectively which appear to be positively shifted 
from that observed in the parent CHgCOO" ion £33, suggesting 
coordination of the anion in unidentate manner C4}. 
However, sharp bands have been observed in the 1490-1-^50 cm" 
range which have been assigned to the pyridine ring 
vibrations. The bands observed at about 665 cm" and 650 cm" 
may be assigned to that arising from M-0 bond stretching 
and the splitting may reasonably have caused bv the 
existence of Fermi resonance. The reaction is completed in 
1:1 molar ratio only and no further adduct formation has 
been noticed when the ratio of 8-HQ is further increased. 
The 0-H stretching vibration of the 8-HQ is 
shifted to higher wave number after complexation. probably 
the hydrogen bonding present in the free ligand. 8-HQ. is 
released after the complex formation. On the basis of the 
present data it can be proposed that the complexes acauire a 
12fi 
tetrahedral structure as shown below. 
H,C C^ 0 C CH-/ " W 
0 0 
(Where M * Zn, Cd or Hg) 
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Reactions between 4—Nitrophenol 
and Carbonates of Nickel, Zinc 
and Cadmium 
4-NltrophenoI has often been in analytical use as 
an indicator in titrimetric determination of flourlde CU, 
as a microchemicaI reagent for various cations [23 and. as a 
colour standard in the determination of nitrate with 
phenoldisulfonic acid [33; and is used in the detection of 
ammonium, magnesium, and potassium [4}. In addition to 
afore mentioned analytical uses of 4-nitrophenol, it also 
acts as a fungicide C5]. Its biological. biochemical and 
medicinal studies have been the topic of interest C6-8]. 
However, the reaction of 4-nitropheno1 with other reactants 
in solid-state giving rise to coordination complexes seems 
to be unreported. 
In the previous chapters solid-state reactions of 
8-HQ with metal salts giving rise to coordination complexes 
and chelate formation have been studied. In continuation, 
however, in this chapter solid-state reaction of 4-
nitrophenol with some of the transition metal carbonates 
giving rise to solid additive products have been studied 
with a view (i) to investigate the kinetics and mechanism of 
the reaction (ii) to establish the mode of diffusion during 
the reaction and, (iii) to study the effect of temperature 
on the rate of reaction. 
Solid 4-nitropheno1 reacts with metal carbonates 
to give yellow products in case of zinc or cadmium 
carbonate, whereas, it gives a greenish yellow product in 
case of nickel carbonate. 
131 
MATERIALS: 
A-Nitrophenol (Sisco-Chem Industries. Bombay. 
German product) was purified by recrysta11ization in 
alcohal, melting point 114 'C, and NICO3, ZnCOg and CdCOg 
(BDH reagent grade) were used without further purification. 
The reactants were powdered in an agate mortar and sieved to 
above 300 mesh size. 
KINETIC STUDIES: 
The kinetics of the reactions in solid state were 
studied at different temperatures using visual technique as 
Well as gravimetric method. 
Visual technique: 
The kinetics of the reactions using visual 
technique were studied as described earlier. Soon after the 
placement of 4-nitropheno1 over metal carbonates in the 
reaction tubes, coloured boundaries formed at the interface 
and grew with time on the side of the metal carbonates. The 
progress of the reaction was followed by measuring the total 
thickness of the product layer formed at the interface by a 
travelling microscope having calibrated scale in its 
eyepiece (least count 0.001 cm). Each experiment was run 
in triplicate and the average values of different sets were 
used to calculate the temperature dependence of the kinetic 
132 
parameters. The results are reported in Tables I-III. 
TABLE- I 
Isotherul Kinetic Data Of Lateral Diffusion For 
NiC03 - 4 Nitrophenol Systea 
TIME (hr)/ AVERAGE THIQ0E5S OF TtE PRODUCT iMR. x (cs) 
TDPERATURE CO - — 
(60 • 0.5) (65 + 0.5) (70 + 0.5) (75 + 0.5) (80 + 0.5) (85 + 0.5) (90 + 0.5) 
1 
2 
4 
B 
16 
32 
64 
0.0303 
0.0397 
0.0530 
0.0690 
0.0933 
0.1200 
0.1613 
0.0367 
0.0477 
0.0647 
0.0860 
0.1143 
0.1513 
0.2030 
0.0447 
0.0597 
0.0810 
0.1103 
0.1453 
0.2003 
0.2703 
0.0533 
0.0740 
0,1037 
0.1397 
0.1893 
0.2553 
0.3470 
0.0630 
0.C€90 
0.1230 
0.1697 
0.2343 
0.325<( 
0.4530 
0.0740 
0.1047 
0.1437 
0.1960 
0.27B7 
0.3983 
0.5470 
O.C€TO 
0.1193 
0.1£?7 
0.1377 
0.3387 
0.-k57 
0.e^57 
TABLE- II 
Isotheraal Kinetic Data Of Lateral Diffusion Far 
ZnC03 - 4 Nitrophenol Systea 
TIIC (hr)/ 
TEMPERATUS CO 
1 
2 
4 
B 
16 
32 
64 
AVERAGE THICWCSS OF THE PRODUCT LAYER, x 
(60 t 0.5) 
0.0267 
0.0337 
0.0437 
0.0557 
0.0723 
0.0933 
0.1190 
(65 + 0.5) 
0.0303 
0.0393 
0.0507 
0.0680 
0.0870 
0.1113 
0.1497 
(70 + 0.5) 
0.0350 
0.0467 
o.mz 
0.0793 
0.1073 
0.1410 
0.1B63 
(75 t 0.5) 
O.OZKi 
0.0523 
0.0697 
0.0953 
0.1273 
0.1717 
0.2343 
(ca) 
(80 + 0.5) 
O.JitT 
(j.OtZi* 
0.0650 
0.1 lc<^  
0.1530 
0.21B0 
0.295O 
(85 + 0.5) 
y.C'537 
0.0717 
0.0990 
0.1390 
0.1823 
0.2540 
0.33S7 
(90 t 0.5) 
0. : - : 
O.-.iZZ 
0. .;v3 
0.:i57 
0.:!33 
v.i l37 
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TABLE - III 
Isotheraal Kinetic Data Of Lateral Diffusion For 
CdCOj - 4 Nitrophenol Systea 
TIME(hr)/ AVERAGE THICKNESS OF THE PRODUCT LAYER, x (ca) 
TEMPERATURE C O 
(60 + 0.5) (65 + 0.5) (70 + 0.5> (75 • 0.5) (80 + 0.5) (85 + 0.5) <9':) + 0.5) 
1 0.0200 0.0230 0.0263 0.0303 0.0347 0.C'4C'0 ..M7 
2 0.0250 o.o:s7 0.0350 0.0413 0.0467 o.oe:: ..:;;: 
4 0.0320 0.0373 0.0430 0.0513 0.0623 0.0717 ..0S43 
8 0.0407 0.0460 0.0583 0.0687 0.0800 0.0977 •JAW 
16 0.0513 0.0610 0.0737 0.0890 0.1090 0.1310 0.1523 
32 0.0647 0.0750 0.0967 0.1183 0.1460 0.1737 0.2043 
64 0.0817 0.1010 0.1287 0.1610 0.1940 0.2343 0.2640 
It was observed that the air-gap developed between 
4-nitropheno1 and the product layer In all the cases. When 
lateral diffusion experiments were run keeping an air-gao 
between the reactants at the start itself. the reaction 
proceeded exactly in the same way giving the similar 
products on the side of the metal carbonates. Later. 
lateral diffusion experiments were run keeping the air-gaps 
of different length for each set of reaction at 75*C. 
However. no effect on the rate of reaction was observed as 
the reaction propagated at the same speed irrespective of 
the length of the air-gaps. 
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Gravimetric Bethod: 
The kinetics of the reactions by gravimetric 
method were studied as follows. A known amount of the 
metal carbonate was taken in a glass tube having a porous 
partition in the middle to allow the passage of gaseous 
material but to prevent the fall of metal carbonate through 
it. The glass tube was fitted with glass joint attached to a 
flat bottomed flask containing a known amount of A-
nitrophenol. The assembly was kept vertically in a 
thermostat Maintained at a desired temperature and 
controlled to ± 0.5 'C. The increase in the weight of metal 
carbonate with the progress of the reaction was noted as a 
function of time. The experiment was repeated for each set 
of reaction, each time with a fixed amount of the metal 
carbonate and 4-nitrophenoI, at different temperatures. The 
results of the studies are reported in Tables IV - VI and 
are depicted in Figs. 1-3. 
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TABLE - IV 
Isotheraal Kinetic Data Of Braviaetric Method 
For NiCOj - 4 Nitrophenol Systet 
TII€(hr)/ AVERAGE CHANGE IN WEIGHT, AH x 10"'*(in ga), of NiCOj 
TEMPERATURE C O 
(65 • 0.5) (70 + 0.5) (75 • 0.5) (80 + 0.5) (85 + 0.5) (88 + 0.5) (90 + 0.5) 
28 - ii ?: 
58 % H i 
142 
25': 
2-S-J 
14i - - 3c0 
284 - -
5 
10 
15 
20 
23.5 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
110 
115 
10 
-
-
-
-
-
20 
-
-
-
32 
-
-
-
44 
-
-
-
58 
-
65 
-
-
-
-
-
28 
-
-
-
48 
-
-
-
75 
-
-
-
102 
-
-
-
131 
-
-
-
-
32 
49 
-
-
-
-
112 
-
-
161 
-
-
212 
-
-
-
21i 
-
-
Z22 
-
369 
234 
-
-
-
352 
-
-
424 
-
-
564 
611 
476 
-
-
656 
-
772 
570 
-
708 
-
-
-
436 
523 
638 
744 
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TABLE-V 
Isotheraal Kinetic Data Of Gravinetric Hethod 
For ZnCO^ - 4 Nitrophenol Systet 
TI«{hr)/ AVEMGE QVHEE IN HEIGHT, AM x 10~^(in gi>, of ZnCOj 
TDPERATURE <*C) 
(65 • 0.5) (70 + 0.5) (75 • 0.5) (80 • 0.5) (85 + 0.5) (88 • 0.5) (90 • 0.5) 
1*1 
294 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
90 
95 
100 
105 
110 
115 
-
-
6 
-
-
-
15 
-
-
-
-
24 
-
-
-
32 
-
-
40 
43 
-
-
-
10 
-
18 
-
-
29 
40 
20 
41 
-
-
-
70 
-
l¥) 
104 
69 - - - -
38 - 166 27B - 358 
100 - 354 - -
229 - - -
56 - - - 5o? 554 
457 
709 
73 158 - 560 - 784 
92 
107 
139 
-
8
-
190 
-
309 
373 
-
-
-
0
-
668 
220 
435 
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TABLE-VI 
Isotheraal Kinetic Data Of 6raviietric Method 
For CdC03 - 4 Nitrophenol Syste« 
TINE (hr)/ AVERAGE OWNGE IN MEI6HT,AW x lO'^in oi), of UCO3 
TE?fERATURE C O ~ — 
(i5 • 0.5) (70 + 0.5) (75 + 0.5) (80 + 0.5) (85 • 0.5> (88 + 0.5) (90 • 0.5) 
2.5 
5 
7.5 
10 
12.5 
15 
20 
22.5 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
95 
100 
-
-
-
2 
-
-
4 
-
-
7 
-
-
9 
10 
11 
-
-
13 
-
16 
19 
21 
-
-
-
5 
-
-
-
-
13 
-
IB 
-
-
26 
-
30 
-
-
40 
42 
-
52 
-
6 
-
12 
-
-
-
27 
-
36 
-
-
-
60 
-
-
80 
-
-
97 
-
121 
15 26 
29 55 
60 110 
104 
147 
240 
190 346 
234 
291 
24 
40 
-
SO 
-
120 
•* 
234 
-
313 
390 
-
-"\ 
-
1:1) 
. 
239 
-
333 
-
_ 
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ELEMENTAL ANALYSES OF THE REACTION PRODUCTS: 
Solid metal carbonates were finely ground with a 
large excess of 4-nitrophenol and heated to 85*C for about 
10 days. 1:1 molar mixtures of 4-nitropheno1 and 'metal 
carbonates were ground in a mortar and heated to the same 
temperature for the same duration. The reaction products of 
either set were washed repeatedly with chloroform. (The 
products were insoluble in chloroform). The products were 
dried and the metal content (Zinc, Cadmium,or Nickel) was 
estimated gravimetrically C9]. Nitrogen, carbon and hydrogen 
were determined by microanalytlcal technique. The results 
of elemental analyses are as follows : 
TABLE - VII 
NiC03 -•- 4-Nitrophenol Reaction Product. 
Calculated Observed 
Ni = 22.77%; Ni = 22.63\ 
N = 5.43X,' N = 5.62% 
C = 32.615t: C = 32.58% 
H = I.96X: H = 2.00% 
ZnCO^ + 4-NitrophenoI Reaction Product. 
Calculated Observed 
Zn = 24.71X; Zn = 24.52% 
N = 5.30X: N = 5,42% 
7 1  
30%; 
3 1 . 7 8 % ; 
1 .91%; 
C 
H 
C = 31.78%; = 31.63% 
H = 1.91%; H = 1.98% 
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CdCOo + 4-Nltrophenol Reaction Product. 
Calculated Observed 
Cd = 36.08%; Cd = 36.21X 
N = 4.97X; N = 4.52% 
C = 26.99%; C = 26.93% 
H = 1.62%: H = 1.65% 
IR STUDIES: 
infrared spectra were recorded in KBr disks with 
a Beckman IR-20 spectrophotometer. Important infrared 
spectral bands are given in Table XVI. 
THERMAL STUDIES: 
Metal carbonates and 4-nitropheno1 (all above 300 
mesh size) were weighed separately and mixed thoroughly in 
1:1 molar ratio, and poured immediately into a Dewar flask. 
completely insulated, and the raise in temperature as a 
function of time was recorded using a Beckman thermometer 
reading to 0.01 'C. The plots of temperature against time 
are shown in Fig. A. 
CONDUCTIVITY MEASUREMENTS: 
Electrical conductivity measurements were made on 
powdered reaction mixtures, compressed into a disk, using a 
teflon conductivity cell (self designed). Metal carbonates 
and 4-nltropheno1 (all above 300 mesh size) were thoroughly 
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mixed with each other In an equlmolar ratio, and poured 
iomediately into a die and pressed into a disk of 0.31 cm 
surface area. The disk was held between platinum electrodes 
of same surface area and the change in conductivity with 
time at room temperature was measured by a GenRad (USA) 1657 
model RLC Digibridge at a frequency of 120 Hz. Results of 
the studies are plotted in Fig. 5. 
RESULTS AND DISCUSSION: 
Product analyses show that metal carbonates and 4-
nitrophenol react in the molar ratio of 1;1. In all thermal 
measurements, temperature rises sharply and then falls off 
gradually due to the dissipation of heat (Fig. 4 ) . The 
plots of the conductivity versus time (Fig. 5) at room 
temperature also show only one Inflection due to the sharp 
fall in conductance attaining constancy, thereby, suggesting 
that all are one step reactions. No evidence was obtained 
for the evolution of CO2 gas or H2O vapour during the 
reaction upto 85*C. 
Chemical analyses of the products also reveal that 
metal carbonates and 4-nitropheno1 react In 1:1 ratio. IR 
spectra of the products obtained by mixing the metal 
carbonates with (I) excess 4-nltropheno1 and removing the 
unreacted 4-nitropheno1 by treating with chloroform and (ii) 
equlmolar amount of 4-nltropheno1 are the same. 
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In lateral diffusion experiments, coloured 
boundaries formed at the interfaces grew only on the side of 
metal carbonates, indicating that 4-nitropheno1 is the 
diffusing species. 
A gap developed simultaneously between 4-
nitrophenol and the product layer. Later, when lateral 
diffusion experiments were carried out with an air-gap at 
the start itself, the reaction proceeded exactly in the same 
way giving the same products on the side of metal 
carbonates, indicating that the diffusing species in all the 
reaction is 4-nitropheno1. The experiments with different 
lengths of the air-gap had no effect on the rate of reaction 
and the reaction propagated at the same speed. This clearly 
negates the possibility of surface migration and 
demonstrates that 4-nltrophenol diffuses via vapour phase. 
Growth of the thickness of product layers follows 
the equation, 
X" = kt 
where X is the thickness of the product layer formed at time 
t, and k and n are constants. The validity of the equation 
was tested by plotting logX versus logt where straight lines 
were obtained (Figs. 6-8). The fitting was done using linear 
least-squares curve fitting technique and the values of n 
and k were obtained by the best fit plot. The extent of 
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Fig.9. Dependence of rate constant (k) on temperature for the reaction 
between (1) NiCO^ and 4-Nitrophenol,(2)ZnC03 and 4-Nitrophenol 
and {3)CdC0o and 4-Nitrophenol. 
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precision in k was calculated as described earlier (Chapter 
in. The values of n and k at different temperatures are 
reported In Tables VIII-X. The value of n in x" = kt 
gradually decreases with increasing temperature and tends to 
attain constancy at higher temperatures. The variation in 
the value of n and the plot of logk against 1/T (Fig. 9) 
clearly shows that the process occurring at lower 
temperatures is different from the one that occurs at higher 
temperatures. The activation energies for the low- and 
high-temperature ranges are given in Table XI, and these 
activation energies suggest that at lower temperatures, the 
rate of the process is reaction controlled. whereas. at 
higher temperatures, it is diffusion controlled. This 
simply Implies that in the lower temperature range. 
diffusion is faster than the chemical reaction between 4-
nitrophenol and metal carbonates and as the temperature is 
raised, a situation is reached where the chemical reaction 
becomes faster and, consequently, n decreases gradually with 
increasing temperature and attains constancy. 
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TABLE - VIII 
Teiperature Dependence Of Kinetic Paraaeters Of The Equation 
X" = kt For NiC03-4-Nitrophenol Reaction 
Tetperature 
CO 
(60 + 0.5) 
(65 + 0.5) 
(70 • 0.5) 
(75 + 0.5) 
(80 + 0.5) 
(85 • 0.5) 
(90 + 0.5) 
k 
(ai/hp) 
1.6427 X 10"^ 
3.2531 X 10"* 
7.5444 X 10'* 
15.3230 X 10"* 
29.0410 X 10"* 
44.4920 X 10"* 
64.8260 X 10"* 
Standard 
Deviation 
0.03B5 X 
0.0603 X 
0.1460 X 
0.4940 X 
0.3849 X 
1.2928 X 
1.4489 X 
10"* 
10-* 
10"* 
10-* 
10"* 
10-* 
10-* 
TABLE 
Relative 
Standard 
Deviation 
0.0234 
0.0185 
0.0194 
0.0321 
0.0132 
0.0291 
0.0223 
- IX 
n 
2.490 
2.423 
2.310 
2.224 
2.120 
2.081 
2.056 
Teverature Dependence Of Kinetic Parameters Of The Eouation 
X" » kt FOP Zn(3)j-4-Nitrophenol Reaction 
Teeperature 
CD 
(60 i 0.5) 
(65 + 0.5) 
(70*0.5) 
(75 + 0.5) 
(80 • 0.5) 
(85 + 0.5) 
(90 + 0.5) 
k 
(ci/hr) 
0.4373 s 
1.0497 X 
2.3767 X 
5.2775 X 
9.7063 X 
14.1710 X 
22.4250 X 
10"' 
10"^ 
10"' 
10-' 
10"^ 
10"' 
10-' 
Standard 
Deviation 
<V-1> 
* 0,0081 X 10-* 
* 0.0273 X 10-* 
* 0.0585 X 10"* 
' 0.0818 X 10-* 
' 0.3377 X 10-* 
* 0.4868 X 10-* 
* l.'XSB X 10-* 
Relative 
Standard 
Deviation 
0.0185 
0.025? 
0.0246 
0.0155 
0.0349 
0.0343 
0.0449 
n 
2.763 
2.0IS 
2.488 
2.322 
2.256 
2.239 
2.214 
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TABLE- X 
Temperature Dependence Of Kinetic Parawters Of The Equation 
X" » kt For CdC0y4-Nitraphenol Reaction 
Teiperature 
CO 
(60 i 0.5) 
(65 t 0.5) 
(70 t 0-5) 
(75 + 0.5) 
(80 + 0.5) 
(85 + 0.5) 
(90 + 0.5) 
k 
(c«/hr) 
0.9933 X 
2.2326 X 
6.5779 X 
14.3680 X 
29.0170 X 
51.6710 X 
81.5650 X 
10-5 
10-5 
10-= 
10-5 
10-5 
10-5 
10-5 
Standard 
Deviation 
0.0152 X 10-5 
0.1105 X 10*5 
0.3406 X 10"5 
0.B022 X 10*5 
0.8261 X 10'5 
0.6893 X 10"5 
1.8797 X 10-5 
Relative 
Standard 
Deviation 
0.0153 
0.0495 
0.0517 
0.0558 
0.0284 
0.0133 
0.0231 
n 
2.943 
2.833 
2.646 
2.532 
2.4:-5 
2.351 
2.316 
TABLE - XI 
The eneroies of activation for reactions obtained 
by visual technique. 
Activation Energy 
Reactions 
LoMer teeperature Higher temperature 
range range 
Ni(23-4-Nitrophenol 143.90 + 1.41 kJiole-^ 85.48 + 1.72 Waole'" 
2nC03-4-Nitroohenal 148.73 t 1-^ 2 kJaole-^ 89.13 • 1.72 kJaols"' 
Cd(3)3-4-NitraDhenQl 174.23 + 1.29 kJaole-^ 110.41 + 1.45 kJmle"^ 
When the reaction kinetics were followed by 
measuring the change in weight of metal carbonate. the 
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kinetic data fitted best in the equation 
Au = k»t 
where ^W is the change in weight at any time t. and k' is 
the rate constant. The plots of AW against t give 
straight lines (Figs. 1-3). The fitting was done using 
linear least-squares curve fitting technique. The values of 
k* at different temperatures were obtained bv the best fit 
plot and are reported with their probable precision in Table 
XII-XIV. As Aw, the change in weight, is an experimental 
quantity, the error in 'k*, if any, must be due to the error 
in the measured A U values. Therefore, different U and its 
corresponding 't' values for the given temperature were 
substituted In equation AW « kt to obtain various 'k' 
values. The 'k' values so obtained were used to calculate 
the extent of precision. The plots of logk' against inverse 
of absolute temperature (Fig. 10) were similar to one where 
the rate measurement was done by visual technique. Thus, 
the Arrhenius plots of gravimetric methods also suggest that 
the process occurring at lower temperatures is different 
from the one that occurs at higher temperatures. However, in 
gravimetric method, a deviation was observed in the case of 
ZnCOg-A-nitropheno1 reaction where k* deviated from the 
normal straight line of Arrhenius plot at 90 'C and above. 
The kinetics of the reaction, ZnCOg-A-nitrophenoI, followed 
quite well a uniform trend upto 88*C of temoerature, 
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Fig.10. Dependence of rate constant (k ) on temperature for the reaction 
between (1) NiCOg and 4-Nitrophenol, (2)ZnC02 and 4-Nitrophenol, and 
(3) CdCO^  and 4-Nitrophenol. 
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whereas the reaction at 90*C and above showed a different 
trend. At and above 90*C, the decomposition of ZnCOg 
becomes appreciable CIO] thus the expected increase in 
weight due to reaction is marred by the decrease in weight 
resulting from the decomposition of ZnCO^• 
TABLE - XII 
Teaperature Dependence of kinetic Paraaeter of 
Eouation N - k't for NiC03 - 4 - Nitraphenol Reaction 
Te^jerature 
CO 
(45 t 0.3) 
(70 • 0.5) 
(75 t 0.5) 
(80 + 0.5) 
(K t 0.5) 
(88 t 0.5) 
(90 t 0.5) 
k' 
(qa/hr) 
0.6589 X 
1.3790 X 
3.2240 X 
5.8088 X 
9.3355 X 
11.9310 X 
14.1790 X 
standard 
Deviation 
<<ni-l> 
10"^ 0.0254 X 10"' 
10"' 
10"' 
10'^ 
10"' 
10"' 
10"^ 
* 0.0157 X 10"' 
' 0.0269 X 10"' 
' 0.0835 X 10"' 
' 0.0905 X 10"' 
* 0.1905 X 10"' 
' 0.1698 X 10"' 
Relative 
Standard 
Deviation 
0.0388 
0.0115 
' 0.0083 
' 0.1439 
' 0.0096 
0.0160 
' 0.0119 
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TABLE - XIII 
iMoerature Dependence of kinetic Paraaeter of 
Equation N » k't for ZnCOj - 4 - Nitrophenol Reaction 
Teiperature 
CO 
(65 + 0.5) 
(70 + 0.5) 
(75 + 0.5) 
(80 + 0.5) 
(85 + 0.5) 
(88 + 0.5) 
(90 t 0.5) 
k' 
(Qi/hr) 
4.0605 X 
'i.mi X 
20.0200 X 
41.4340 X 
70.3050 X 
94.7330 X 
96.8883 X 
10-5 
10-5 
10-5 
10-5 
10-5 
10-5 
10-5 
Standard 
Deviation 
0.1153 X 10-5 
0.3274 X 10-5 
0.2338 X 10-5 
0.5358 X 10-5 
0.4005 X 10-5 
0.3200 X 10-5 
0.7790 X 10-5 
TABLE - XIV 
Relative 
Standard 
Deviation 
0.02B4 
0.0350 
0.0118 
0.0130 
0.0057 
0.0034 
0.0080 
Teaoerature Dependence of kinetic Paraaeter of 
Equation N * k't for (^ (2)3 - 4 - Nitroohenol Reaction 
Tetperature 
CO 
(65 + 0.5) 
(70 + 0.5) 
(75 t 0.5) 
(80 + 0.5) 
(85 t 0.5) 
(88 + 0.5) 
(TO + 0.5) 
k' 
(Qi/hr) 
2.0000 X 
5.2574 X 
12.1560 X 
29.0760 X 
53.0410 X 
77.5940 X 
95.'095O X 
10-5 
10-5 
10-5 
10-5 
10-5 
10-5 
10-5 
Standard 
Deviation 
0.1216 X 10-5 
0.1160 X 10-5 
0.1101 X 10-5 
0.3945 X 10-5 
1.0638 X 10-5 
1.0538 X 10-5 
0.3803 X 10"5 
Relative 
Standard 
Deviation 
0.0559 
0.0225 
0.0091 
0.0134 
0.0198 
0.0133 
0.0040 
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TABLE - XV 
The eneroies of activation for reactions obtained 
by graviKtric Kthod. 
Activation Energy 
Reactions — — — 
LoMer tenperature Higher teeperature 
range range 
NiCOjH-Nitroohenol 148.63 + 3.01 kJtole'^ 95.28 + 1.47 kJiole"^ 
ZnC03-4-Nitroohenal 150.44 + 1.65 kJaole"^ 109.41 + 1.45 kJaole'^ 
Cdai3-4-Hitroohenal 172.51 + 1.05 kJiole"^ 124.77 t 1.35 kJaole"^ 
The activation energies for the low- and high-
temperature ranges are given in Table XV. and these 
activation energies also suggest that at lower temperatures, 
the process is reaction controlled, whereas at higher 
temperatures. It is diffusion controlled. This implies that 
in the lower temperature range, diffusion is faster than the 
chemical reaction between 4-nltrophenoI and metal carbonates 
and as the temperature is raised, a situation is reached 
where the chemical reaction becomes faster. 
The characteristic stretching vibrations of 4-
nitrophenol Cll,123 and those of its reaction products with 
NiC03 , ZnC03 and CdC03 have been reported in Table XVI. 
It is quite apparent from the table that coordination 
basically takes place through -C-N.C group as Its 
characteristic vibrations are negatively shifted in the 
complexes. The i)c-0-H frequency which should have been 
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negatively shifted after coordination to metal ion. is 
rather showing a different trend. However. the expected 
increase in 0-H stretching vibration after comolexation 
could not be ascertained with certainty probably because the 
release of hydrogen bonding upsets the expected change in 
0-H stretching vibration. The chelation of COg" anion has 
also been indicated from the observed IR frequencies [131. 
A probable structure for these complexes may be typified as 
follows: 
0 — r t — 
(where M = Ni. Zn or Cd) 
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1HLEXVI 
1)1 -i)! V3 V4 V B VCHB^  B»»a- >^ c-M 
flB|UnL/ 
4-HitpaolHWl - - - - 3300 ofj (5/ 16-30 QTMS) ISy-c«"! i:6" « ' ' • ? ) 
3160 ci'^ (•) 15+j c«"^  IS' 15") a ' ; 
li4<)Cj'' : 
MiCDr+4Utro)henol - B30 c i ' W 1330 ca'^ ^ ^-1 3450 c i ' W 1560 a ' W 1450 cs"'* t t lS /w '^ l s ' 
(s) (s) 1570 a'^ (5/ 14+) ci"- I 
ffleactian product) 
ZnCOj-4Hiitrophenol 1030 a^(•) 830 of*(s) 1335 ci'^ ^ " - 1 35«)-3180 155<} ci"[ (s) 1455 « ' ; r r i:75 or' 
(RNCtion product) 
(si (s) a"^ (hs) 1500 c«"* lb> 1435 ci' '• 
- ' .o 
CdCOj-4Hiitraohenol 1055 a^(•) 850 a"^(s) 14K-1435 730 a '^ 3580-3160 1545 ci'^ 1490 ci'^ i 1273 ci"* s) 
3 ' ' (hs) is) 3 ' ' 1500 c«'^ ',£' 1430 c«'- t ' 
(Reaction oraduct) 
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